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ABSTRACT
The mechanism of the stress corrosion cracking of high strength
aluminum alloys has been investigated using electrochemical, mechanical
and electron microscopic techniques. Experiments have been carried out,
in 1M NaCl buffered to pH 4. 7 at 30°C, using the commercial. alloys 7075
and 2219 and relevant pure materials. The feasibility of detecting stress
corrosion damage in fabricated aluminum alloy parts by nondestructive
testing techniques has been investigated using ultrasonic surface waves
(Rayleigh waves).
The previous results on the strain-rate sensitivity of the stress-
strain behavior of 7075 and 2219 and their relation to the stress corrosion
cracking of these materials are explained in terms of an Orowan mechanism
of cleavE^ge. In this mechanism of cracking, the stress at the tip of a
propagating crack is raised to the cleavage stress, without the need for
plastic constraint, by the increase in flow stress with straining rate.
This mechanism is consistent with the kind of cracking observed in the
stress corrosion experiments reported here for A1-Zn-Mg.
Deformation in air of large-grained samples of Al-7.5 Zn-2. 4 Mg
and Al-4 Cu has been studied with the optical microscope. These studies
strongly indicate a relation between dislocation pileups and grain-boundary
cleavage in Al-Zn-Mg but not in Al-Cu. This result is consistent with the
known relative cleavage energies of these two alloys. Studies of the frac-
ture surfaces of the ternary alloy confirm the existence of striations both
on a microscopic and also on a submicroscopic scale. The interpretation
of these markings is still uncertain. The electron microscopic investiga-
tion has been extended to a study of the corrosion of thin foils of Al-Zn-Mg;
significant diffP ences between this alloy and Al-Cu have been found,
particularly with regard to the role of the intermetallic phase present
in each alloy. In situ deformation experiments have confirmed that in the
ternary alloy cleavage occurs at the grain boundaries, while for the binary
alloy failure in vacuum occurs by ductile tearing.
i
Studies of the corrosion of the 2219 system have involved 2219
itself, pure AAA Cu and CuA!2. The stress corrosion susceptible
temper of 2219 (-T37) suffered grain boundary attack under the experi-
mental conditions. The nonsusceptible temper (-T851) showed only
general attack. However, 2219-1'851 was the more readily corroded of
the two alloys. These differences in corrodibility are reflected in pure
A1-4 Cu where the more heavily precipitated alloy is more readily
corroded. However, the pure alloys, in the maximum hardness and in
the "maximum precipitation" state, both showed grain boundary attack.
This agrees with our results for transmission microscopy of corroded
A1-4 Cu fails. The fact that 2219-T851 does not undergo intergranular
attack is attributed to the effects of minor constituents. Further studies
of the corrosion rate of the CuAl 2 phase show it to increase drastically
with time. The results are explained in terms of surface roughening and
disruption of the protective oxide film.
The corrodibility of the -T6 and -T73 tempers of 7075 is similar.
The susceptible -T6 temper is much less obviously susceptible to grain
boundary attack than 2219-T37. However, it is more noticeable than for
the nonsusceptible 7075-T73 alloy.
Bri studies of the corrosion of M92A13 are reported.
The distinguishing of the separate effects of corrosion and mechanical
stress in "stress corrosion" of aluminum alloys is discussed, and a new
experimental approach is suggested. This involves a study of the effect of
precorrosion on the life of stre s corroded materials. A precorrosion
susceptibility index (PSI) is defined. For 2219-T37, the PSI is zero;
i. e. corrosion without stress does not change the life of subsequently
stress -corroded samples. Initially, for 7075 -T6 the PSI is unity; i. e.
corrosion without stress is equally effective in leading to failure as
corrosion with stress. This effect was shown not to result from residual
machining stresses. Only after a large fraction of the stress corrosion life,
during which pure corrosion is equivalent in effect to stress corrosion
(sensitization period), does a short period (10-157 of the normal time to
failure) of true stress corrosion occur. Then, a crack propagates in a
ii
brittle manner through the alloy. The results indicate the extreme
importance of separating the effects of pure corrosion from those of
stress corrosion in discussing the susceptibility of 7075. These
results are critically important both for practical purposes and for
elucidating the mechanism of the failure process. A mechanism for
7075 stress corrosion involving crack nucleation in grain boundaries
and subsequent brittle cleavage failure is suggested,
The 2219-T37 and Al-4 Cu fail in a step-wise manner, unlike
7075 which fails catastrophically. Experiments with large grained
samples of Al-4 Cu suggest a periodic electrochemical-mechanical,
mechanical (PE-MM) mechanism. The electrochemical-mechanical
step appears usually to be the breakdown of an unsuitably oriented
grain boundary-crack intersection.
The feasibility of detecting stress corrosion damage in fabricated
parts with ultrasonic surface waves was studied. The investigation of the
effects of artificial defects was completed. This involved studies of the
effects of flaw depth, of cylindrical holes, of propagation around edges,
of painting, and of surface finish on Rayleigh wave propagation. These
experiments have shown that no problems in stress corrosion detection
are likely to arise from any normal flaw or from normal surface rough-
ness. In addition, artificial flaws have grossly different reflection and
attenuation characteristics than stress corrosion cracks.
Further studies on improving the detection of stress corrosion damage
on 7075-T6 have been done. Stress corrosion experiments were carried
out with U-bend specimens at 6070
 and 9097 of the 0. 270 offset yield point.
At 90970
 of the yield point, there is a linear increase of ultrasonic attenua-
tion with stress corrosion damage. This attenuation is much larger
(23:1 in the loaded state) than that for general galvanic corrosion. Some
damage occurs, however, before any change in ultrasonic attenuation is
detectable. Because of this, stress corrosion damage at 90970 of the yield
point cannot be detected before about 1870
 of the normal life. A similar
"incubation period" is found working at 6070
 of the yield point, but it com-
prises only - 370
 of the lifetime. Detection of damage caused at low stress
levels is therefore more practical. Initial experiments to couple reflectors
of known reflection coefficient are described.it" iii
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SECTION A
INTRODUCTION
The aims of this research program are to investigate the
mechanism of stress corrosion cracking (SCC) of aluminum alloys
and to examine nondestructive testing techniques for detecting SCC
in fabricated parts.
For phase I (the mechanism study) we have concentrated on the
rummercial alloy systems 7075 and 2219, with ancillary work on pure
alloys and phases. The approach has been to investigate in detail the
physical and structural metallurgy of the materials and also their
corrosion characteristics. This is being implemented by the following
specific subprojects:
1. Detailed studies of the corrosion of 2219 and 7075 and their
relevant constituent phases, as well as appropriate pure alloys.
The results are mainly presented in section C of this report,
but some electronmicroscopy is described in section B.
2. Correlation of microscopic metallurgy (physical structure,
details of corrosion and deformation) with stress corrosion
susceptibility. These studies are mainly done with pure
alloys and are reported in sections B and C.
3. A quantitative study of the stress corrosion of commercial
and pure alloys. These experiments are described in section C.
For phase Il (the detection with nondestructive techniques of stress
corrosion damage) studies have been made on 7075-T6. Four M 2 Rayleigh
waves have been used for this investigation. It has been shown that these
waves are uniquely sensitive to stress corrosion, much more so than to
other surface defects and to general corrosion. Results are presented in
section D of this report.
4ft	
Proposed work for the next quarter is summarized in section E.
91
V For convenience of presentation, the figures are numbered con-
secutively within each section of this report and the references for each
individual section are listed at the end of that section.
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SECTION B
METALLURGICAL  CHARACTERIZATION OF ALUMINUM ALLOYS
I. INTRODUCTION
The mechanical testing procedure used to characterize the com-
mercial alloys was given in detail in the Third Quarterly Report. These
tests have been completed, and the significance of the results obtained
is discussed. The mechanical property characterization has been
extended to include a study of the deformation of pure alloys of A1-4 Cu
and Al-7, 5 Zn - 2. 4 Mg. The evaluation of these results and their
importance to the interpretation of the stress corrosion results given
in section C is considered. These tests were carried out in conjunction
with (1) an electron microscopic investigation of the corrosion of both
AI A Cu and Al-7. 5 Zn - 2.4 Mg oils, and (2) an in situ study of the mode
of failure, with particular reference to grain boundaries. These studies
tend to support the conclusion reached in section C that cracking in the
pure ternary alloy Al-Zn-Mg and in commercial 7075-T6 is principally
a mechanical process. In the pure binary Al-Cu alloy and in 2219-T37,
however, a true stress corrosion mechanism operates.
I1. MECHANICAL DEFORMATION
A. Introduction
Previous mechanical tests have concentrated exclusively on com-
mercial alloys and were directed toward the determination of the rate
sensitivity of deformation. From the results of these tests, as summarized
in Figs. B. 1 and B. 2 of the Fourth QuarterlyReport, it can be concluded
that the activation volume for short transverse specimens of 7075-T6 was
sufficiently small to overcome the effect of strain aging, but that for
similar samples of 2219-T37, the activation volume was immeasurably
large. That is, the flow stress of 7075-T6 increases with increasing strain
_3_
rate, but the flow stress for 2219-T37 did not depend upon strain rate,
W
AML	 over the range of strain rates tested (4. 4 x 10 -3
 to 4. 4 x 10 -2 in/in/min).
This latter conclusion has since been verified to strain rates up to
4. 4 in/in/min. Similar results have been obtained by Holt, et al. , for
other alloys(B1)
If one assumes that fracture occurs according to an Orowan
mechanism (U) , it can be concluded from these results that fracture of
7075-T6 would be more nearly brig  than in 2219-T37. This conclusion
follows because according to this mechanism , ,-,he yield stress ahead of the
crack is considered to be raised to the value of the cleavage strength by
the velocity effect, i. e. by the increase in strength because of the high
rate of straining at a propagating crack tip. Hence, a crack, once
initiated by plastic constraint, propagates without the necessity for
further plastic deformation. As will be discussed in section C, the con-
clusion that failure in 7075-T6 is almost purely mechanical has been
verified by a new type of stress corrosion susceptibility test. The strain
rate dependence observed for this alloy also supports the hypothesis of
mechanical cracking as the dominant mode of failure.
Because the characteristics of the mechanical deformation of the
uncorroded material bear so directly on the subsequent stress corrosion
failure, mechanical deformation tests have now been carried out on large
grained specimens of both Al 7. 5 Zn - 2.4 Mg and Al- 4 Cu. Large grained
specimens have been used to show more clearly the important features of
the deformation mechanisms. It is further felt that such studies are of
especially current interest in view of the proposal put forth independently
by Holl(B3) and by Speide I(B4) that intergranular cracking in the Al-Zn-Mg
system can occur by a Robertson and Tetelman mechanism (B5) . It is
further stimulated by the observations of McEvily and Bond (BO that stria-
tions on the fracture surfaces of Al-Zn-Mg are indicative of an oxide
rupture mechanism, as has been proposed by Forty and Humble for the
stress corrosion of brass in tarnishing solutions(B7)
-4-
t.
The mechanism proposed by Robertson and Tctelman for the
intcrcrystalline fracture of some metals invokes the dislocation pile-up
theory of Stroh (118). Stroll points out that if a dislocation pile-up occurs at
a grain boundary, these dislocations will give rise to a tensile stress at
that boundary and the magnitude of this tensile stress will be a multiple
of the applied stress. The magnitude of this multiplying factor will
depend upon the angle between the plane of the dislocation pile-up and the
grain boundary and also oil the direction of the applied stress. Stroll
observes that under certain conditions of angle and stress conditions,
it is possible to reach .tresses at the grain boundary which are high
enough to nucleate a crack. The contribution of Robertson and Tetelman
was to point out that in materials with a low stacking fault energy such
pile-ups will occur, and that in many cases the alloys with low stacking
fault energies are the ones which show susceptibility to cracking.
In AI-Zn-Mg alloys the stacking fault energy is high, and therefore
it would seem that pile-ups cannot occur. Holl and Speidel have observed,
however, that there is another mechanism which can give rise to disloca-
tion pile-ups and hence to susceptibility to cracking, particularly inter
crystalline cracking. They proposed that since the MgZn 2 precipitate
particles do not have long range stress fields, it is possible for disloca-
tions to cut through such particles and hence lower the stress required to
more a second dislocation along this same slip plane. In this manner,
one .-I a slip plane has allowed one dislocation to move, this plane sub-
sequently is a preferred plane for further slip. Dislocations will tend to
glide along such a plane until they either pile up at a barrier (such as a
grain boundary) or vanish at a free surface. Although electron microscopic
evidence is available(B3, B4) to support this theory, slip-line evidence is
not available. Because this theory is of such importance, a detailed
investigation of the deformation of relevant specimens has been undertaken.
B. Results and Discussion
Specimens of an Al-7. 5 Zn-2.4 Mg alloy* were solutionized at 480°C
This alloy was kindly supplied through the courtesy of Dr. D. O. Sprowls
of the Aluminum Company of America. The nominal analysis was
Al-6. 9 Zn-2. 3 Mg. The actual analysis is that given above.
- 5 -
for 6 hour, water quenched, and then aged at 100°C for 72 hours, to
AWL
	
	 bring them into the region of maximum susceptibility (133). They were
then mctallographically polished. Three point bending was carried
out in a Teflon jig and the surface of the specimen examined normal to
the bend. After deformation, the specimen began to crack immediately
in an intercrystalline manner. Figure B. l(a) shows the appearance of
the tip of the crack; the stressing direction is normal to the crack. In
this photograph, the wing-like structure of the plastic hinges at the crack
tip are easily detectable. The surface tilt associated with the plastic
zone is even more clearly brought out in the interferogram of Fig. B. l(b).
This interferogram was made by the Nomarski method (139) using mono-
chromatic light of 5000 Angstrom wavelength. No deformation lines with-
in thelhody of the grains isyet detectable. Under constant strain conditions,
this crack was observed to propagate in a continuous manner. Successive
stages in crack advance are shown in Figs. B. 2(a) and B. 2(b).
As the crack neared the specimen edge, the localized deformation
at the crack tip became more severe, and slip lines became visible in
the grains adjoining the crack tip. In particular, Fig. R, 2(b) shows that
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these slip lines are extremely coarse and not wavy. A higher magnification
photograph of the region near the tip of a secondary crack which branched
from the main fracture is shown in Fig. B. 3. Of particular interest in
this photograph is the evidence for dislocation pile-ups at the grain
boundary along which the crack is advancing, in support of the Holl and
Speidel mechanism.
After final fracture, the fracture surfaces were as shown in Fig. B. 4.
The facets of individual grains are clearly evident. This fracture surface
was examined in detail by both replica electron microscopy and light micro-
scopy. Figure B. 5 shows a higher magnification photograph of both halves
of a single facet. The river markings indicative of cleavage fracture are
clearly evident. These markings appear on both sides of the fracture surface
(both facets shown in Fig. B. 5) and hence could not be slip markings. That
is, since the fracture occurs at the grain boundary, each facet is on a
(a)
of
elllot
(b)
Fig. B. 1 Cracking in a high purity AI-Zn-Mg alloy: (a) light
micrograph, 150 X; (b) interferog-ram, 190 X.
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(a)
(h)
Fig. B. 2	 Photomicrographs of advancing cracks in A1-Mg-Zn: (a) near
crack tip, 100 X; (h) approaching fracture, 100 X.
•
-g -
4Fig. B. 3
	 Advancing crack front. Note evidence for dislocation
pile-ups at the grain boundary, 525 X.
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if 20 Eau a
Fig. B. 4	 Matching fracture surfaces in Al-Zn-Mg alloy. Note
grain facets, 7 X.
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(h)
IFib . B. 5	 NlatChillg fracture facets. No tc river markings.
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different grain. Figure B. 6 shows another pair of fracture facets with
straight striations. However, these markings are again present in
cnantiomorphic relationship on each side of the facet and therefore cannot
be slip markings. Such markings were found on about 1070 of the facets
examined. The other facets were essentially featureless and were 	
.similar to the grain boundary cleavages reported by Low and Feusta (B 0)
To examine for markings finer than could be observed in the light
microscope, replicas were taken of the fracture surface. These replicas
shown in Fig. B. 7, also indicated striations similar to those reported by
McEvily and Bond (B6) , who interpreted them in terms of an oxide rupture
mechanism, i, e. periodic rupture of the oxide would lead to periodic
blunting at the crack tip. It is probable that such a mechanism operated
in this case also. However, an oxide rupture mechanism could not account
for those markings observed in Figs. B. 5 and B. 6 which are far too large
and uniform to be caused by an oxide, 30 A thick. Thus, the nature of these
latter markings remains in doubt. To obtain further information on the
fracture surface, therefore, preparations are being made to undertake a
high magnification scanning electron microscopic study of these surfaces.
A large grained specimen of AIA Cu was also deformed after
metallographic polishing. 'This specimen was prepared by solutionization
at 500'C for 6 hours, followed by water quenching, and then aging at
200°C for 20 hours, in order to bring it to the point of maximum hardness.
The grain size was 0. 2 mm, and the 0. 0370 yield strength was 21, 000 psi.
Figure B. 8 shows this specimen after deformation amounting to 570 . This
specimen showed extensive surface deformation and an extreme "orange
peel (B11) effect, but no grain boundary rupture. Slip markings are also
visible, but unlike the case of Al-6. 9 Zn-2. 3 Mg, these markings do not
appear to terminate abruptly at grain boundaries. These results are con-
firmed by the in situ electron microscopic study discussed in the following
section.
These results tend to support strongly the hypothesis of Ho11(B3)
 and
Speidel(B4) , i. e. the
	 observation of sharp slip traces terminating at
•(1)
I
Fig. 13. 6 Matching fractut-e facets. Nate linc.l,ar striations.
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(a)
(r1)
Fig. B. 7	 Electron replica micro raphs of fracture surface, 4, 400 X.
Note striations in both ka) and (b).
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grain boundaries favors the idea that dislocations can form pile-ups.
Furthermore, the association of these pile-ups with cracks and possibly
also with the appearance of striations on the fracture surface indicates
that a Robertson and Tetetman cracking mechanism is operating (B5) With
regard to these striations, it is evident that they cannot be associated with
a periodic oxide rupture mechanism, as has been propcs ed by McEvily and
Bond(B6) . This conclusion follows since the specimen was fractured in air
and hence the oxide film would not be thick enough to cause the uniform and
straight striations which were observed in the optical microscope. A
McEvily and Bond mechanism is, however, still the most likely explanation
for the much smaller and more irregular markings observed in the electron
microscope (Fig. B. 7).
III. ELECTRON MICROSC'OP'Y
A. Introduction
The electron microscopic study has been extended to include an
investigation of the mode of attack on thinned foils of Al-7. 5 Zn-2. 4 Mg in a
1 molar solution of NaCl buffered to a pH of 4. 7, as well as a study of the
deformation and rupture of thinned foils of both Al-4 Cu and Al-7. 5 Zn-2. 4 Mg.
As will be discussed, the former study has shown that the mode of attack in
the case of Al-7. 5 Zn-2. 4 Mg differs significantly from that found for Al-4 Cu.
The in situ tensile deformation tests (as will be discussed) have served also to
confirm the conclusions reached on the basis of the stress corrosion experi-
ments reported in section C. Evidence is also presented of the strong
structural relationship between surface oxide and precipitate configuration
in the Al-4 Cu system.
B. Experimental
Thin foils of Al-4 Cu and Al-7. 5 Zn-2. 4 Mg were prepared as des-
cribed in previous reports by cold-rolling to 1 mil foil followed by solution-
ization. The solutionization temperatures were 500°C for Al-4 Cu and
480°C for Al-7. 5 Zn-2. 4 Mg. Both types of foils were then thinned by
- 16 -
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electropolishing in I-e-noir's solution (phosphoric acid, sulphuric acid,
chromic oxide and water). Heat treatments were carried out after thinning
in order to minimize preferential attack at grain boundaries during the
thinning process. This procedure was effective, and only rarely was a
grain boundary observed to be preferentially attacked during thinning. As
in previous experiments, corrosion of the w , , led and aged foils was
carried out in air saturated solutions of I molar NaCl at room temperature.
C. Results and Discussions
The study of precipitation in Al-4 Cu has been developed to include
the structures which appear at the maximum hardness point (20 hours at
200'C), and also those which exist after drastic overaging (50 hours at
200'C). The state of precipitation at the maximum hardness treatment is
shown in Fig. B. 9(a). As expected, the dominant phase in the grain interiors
is the 0 phase(B12), The grain boundary shows a series of relatively large
equilibrium 0 phase particles, and there is a well developed depleted zone.
After 50 hours at 200°C (Fig. B. 9(b)), selected particles at the grain boundary
have increased in size, but the depleted zone has become less well defined.
In both figures, the 0' plates are seen face-on and therefore appear as
round particles, but it must be remembered that they are actually plate-like.
This plate-like structure is apparent from subsequent micrographs.
Experimentally, it was found that removal of the foil specimen from
the bath during electropolishing tended to produce an oxide coating. That
this oxide is strongly related to the underlying structure is seen clearly
in Figs. B. 10(a) and (b), where the 0' plates are seen edge on and therefore
appear acicular. This result is in agreement with the conclusion reached
in the Fourth Quarterly Report that the oxide in the region of the grain
boundary was affected by the state of precipitation and thus may account in
part for the marked concentration of at-tack in these regions. Further support
of this hypothesis is provided in Fig. B. 11(a) which shows the appearance
of a triple point in a specimen of Al-4 Cu tempered for 20 hours at 200°C.
Attack is localized both to the grain boundaries and to regions between 0'
particles. The equilibrium particle at the grain boundary remains unattacked,
- 17 -
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Fig. B.9 Grain 1)(Alild,'lI N	 cicvclOpccl in Al-4 Cu: (a) 20 hrs at
2U0 `-'C, 37 , 000 X; (h) :50 I11 -s ,.it 200°C, 37, 000 X.
18 -
(a )
--.W. .
.rs 1^+^'
(h)
Fig. B. 1.0 Oxide , structure cl vcto,-)cd ewer H' plates: (a) 1.8, 600 X;
(h) 37, 000 X.
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(a)
Fig. B. 11 Al-4 Cu agc-hardened at 200°C for 20 hrs, corroded 4 hrs:(a) no visible oxide, 37, 000 X; (b) thick oxide present, 37, 000 X.
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in confirmation of the results presented in section C, which show CuAl2
to be noble with respect to aluminum. A similar result is shown in
Fig. B. 11(b) in which the oxide can still be seen intact across the grain
boundary, which has been severely attacked. Again, the triple point
CuAl 2
 particle remains unattacked.
The stability of CuAl2
 with regard to aluminum is in contradis-
tinction to that of MgZn 2 , the precipitated phase which is formed in
Al-Mg-Zn alloys. In this case the precipitate is less noble than the
matrix material and hence can be expected to be attacked first. That
this is, in fact, the case is shown in Fig. B. 12, which shows the appear-
ance of a triple point after corrosion for 2 hours In one leg of the
boundary, the particles have been entirely corroded away, while in the
other, visible boundary preferential attack near the particles is evident.
This effect is proven even more conclusively in Figs. 13(a) and (b),
which show the appearance of a grain boundary after 1 and after 9 hours
of corrosion, respectively. The progressive nature of the attack is
evident.
Thin foil specimens of both Al-7. 5 Zn-2. 4 Mg and Al-4 Cu have
been deformed in situ in the electron microscope. The results of these
experiments support the conclusion reached previously in the study of
the deformation of macroscopic samples, namely that the grain boundaries
in the ternary alloy are prone to cleavage failure, while those in the
binary allo, . ^,sist such failure. In other words, the grain boundaries in
the ternary allcj are surfaces of low cleavage energy. This conclusion is
supported by the low scanning- magnification* photograph shown in
Fig. B. 14(a). This photograph shows the Al-6.9 Zn-2. 3 Mg specimen
The use of scanning-magnification electron microscopy (less than
1000X) is not to be confused with the scanning electron microscope.
The former is merely a low magnification technique used for over-all
sample viewing with conventional electron microscopes. The latter
is a separate instrument which uses backscattered rather than
transmitted electrons for image formation.
- 21 -
Fig. B. 12 AI-7.5 Zn - 2.4 Mg, age-hardened at 100'C for 72 hrs. Note
spaces from which pi-ecipitate particles have been corroded,
37, 000 X.
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Fig. B. 13 Progressive attack on AI-Zn-Mg: (a) after one hour corrosion,
37, 000 X; (b) after 9 hours corrosion, 37, 000 X.
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after straining under vacuum. The heat treatment was 72 hours at
100"C. A crack has nucleated and is clearly advancing along grain
boundaries; Fig. B. 14(b) shows the region near the tip. No disloca-
tions are apparent, and the crack appears to be developing by a
Griffith mechanism. Since the experiment %as carried out under vacuum,
corrosion cannot occur. Hence, the failure is entirely mechanical. In
the case of Al-4 Cu, after aging for 20 hours at 200°C, th; specimen
ruptured in a ductile fashion, as can be seen from the irregular nature
of the fracture edges shown in scanning electron micrograph, Fig. B. 15(a),
and also in the higher magnification photograph taken along the fracture
edge, Fig. B. 15(b). In this latter photograph a grain boundary is seen
running away from the fracture edge. The fracture itself propagated
through the grain interiors.
Thus, the electron microscopy study has demonstrated two essential
differences between Al-Zn-Mg and Al-Cu:
(1) The precipitate particles in the latter system (CuAl2)
remain unattacked, whereas in the former system they
(MgZn2) are attacked preferentially. This fact undoubtedly
contributes to the higher rate of grain boundary attack, in
the Al-Cu as compared with AI-Mg-Zn because the inert
CuAl 2 particles provide convenient cathodes for the (local)
cathodic reaction. Furthermore, the denuded zone in Al-Cu
has been shown to,be a continuous path for attack, whereas
the MgZn2 particles in Al-Zn-Mg are discrete and hence do
not provide a continuous path for attack.
(2) The tensile deformation study has confirmed that the grain
boundaries in AI-Mg-Zn are surfaces of low cleavage
energy and that even in vacuum, foils of AI-Mg-Zn tend to
cleave along these boundaries. Detailed examination shows
that the precipitate particles themselves do not tend to split.
Rather, the cleavage propagates around particles. Thus,
the removal of these particles through corrosion 'makes
- 25
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(a )
(h)
Fig. 13. IS (a) Scanning magnification profile of cracking in Al-Cu, 700 X.
(b) Detail of crack edge. Note that grain boundary is not
ruptured, 37, OW X.
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cleavage initiation easicr. These results bear
strongly on the stress corrosion behavior of the
comparable commercial alloys, as shown in
section C, part V.
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SECTION C
CORROSION AND STRESS CORROSION OF ALUMINUM ALLOYS
1. INTRODUCTION
In this section we discuss experiments to explore the corrosion and
stress corrosion of aluminum alloys.
Emphasis in the corrosion experiments has been on the Al- . Cu  system
and experiments involve 2219, pure Al-4Cu, and CuAl 2' In particular, we
have examined the long-time corrosion behavior of these materials and the
ways in which they are attacked. Results are presented in part II of this
section. Similar, but less detailed, studies of 7075 have also been made and
are presented in part III. Preliminary experiments on the corrosion of
M92A 13 are reported in part IV.
In the stress corrosion experiments particular emphasis has been
placed on separating the specific roles played in the process by chemical
and mechanical factors. Results for 2219-T31, 7075-T6, and Al-4Cu are
reported in part V of this section.
II. CORROSION IN THE Al-Cu SYSTEM
A. Corrosion of CuAl2
CuAl2 has been examined in detail during this past quarter using
potentiostatic and galvanostatic techniques. This material is of interest
and importance for several reasons: First, it is deeply involved in the
corrosion of both the pure and commercial Al-Cu alloy systems, as discussed
in the pertinent sections of this report. Second, its corrosion is of interest
in its own right since it is a noble-active metal alloy. As a result, aluminum,
the more active component, can be dissolved at potentials where copper cannot
go into solution. In some respects, then, it can be expected to behave
similarly to brass or the copper-zinc intermetallics which have been studied
in some detail. Such similarity may be limited by the influence of aluminum
oxide which, as seen previously, greatly modifies the electrochemical behavior
of aluminum.
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Previous work with CuAl 2 had revealed several anomalies in its
electrochemical behavior notably, the shift in its open circuit potential
in the cathodic (active) rather than anodic (noble) direction following anodic
dissolution. Consistent with this phenomenon, but likewise unexpected, is
the continuous, almost linear, increase in the current with time at constant
potential. Similarly, it is difficult to see how high dissolution currents
(typically 0. 1 amp/cm 2 ) can be maintained since only aluminum is electro-
active at all reasonable anodic potentials. The surface should thus become
depleted in Al and the current fall. Since these phenomena are very important
relative to the long-time corrosion behavior of Al-Cu alloys, further in-
vestigations were undertaken.
The CuAl 2 was prepared and characterized as described previously.
A complete set of anodic and cathodic polarization curves for Al,
Cu, and CuAl2 measured in pH 4.7 Cl are presented in Fig. C. 1. A
cathodic tafel slope of 120 my/decade was found for pure aluminum beyond
the peak, and for pure copper indicating rate lin, ,,itation from a single electron
transfer. This slope was not obtained on CuAl 2 . From the relative positions
of the anodic and cathodic curves for CuAl T ft can be said that copper more
strongly influences its cathodic behavior, whereas aluminum exerts the
predominant influence on its anodic behavior.
A series of potentiostatic anodizations were carried out on CuAl2
in the pH 4.7 C1
-
l medium by applying a constant potential and recording
the resulting current on a strip chart recorder. The current through the
cell was monitored by means of a resistor in series with the counter
electrode. The potential drop. across this resistor was fed into the strip
chart recorder via a high input impedance differential electrometer con-
structed from operational amplifiers. This type of circuit completely
isolates the potentiostat and electrochemical cell from the recording device
and also furnishes single ended output which is more convenient than
differential output for driving recorders.
Freshly polished specimens ( I g diamond finish) were used at each
potential investigated. The current-time response is reproduced in
Fig. C. 2. The initial value of the potential in pH 4. 7" 1 M Cl - has been
- 29 -
4
f
aE
u
t
lop
10,
lop
16
-30-	 j
8
I I
I
N
E
v
EI
40	 80	 120	 160	 200	 240
0
10
200	 400	 600	 Soo	 1000	 12o0
t (soc)
-31-
80
r0
60
50
403
0
A
3NV
30
20
found to be fairly reproducible, -394 + 5 my vs. NHE. Following potentiostatic
or galvanostatic anodization the open circuit potential assumes a value of
-6l_0 + 25 my vs. NHE.
Although not indicated in the curves in Fig. C. 2, the current did
attain a stable, limiting value with time. The limiting currents (11) are
given in Table 1.
Table I
E applied (mv)	 (I 1) (ma/ cm2)
	-335	 9
	
-310	 20
	
-285	 50
	
-260	 120
These tabulated current values are, in some cases, orders of
magnitude greater than those at corresponding potentials on the polarization
curve (Fig. C. 1). The latter currents were obtained within two minute
periods following each potential increment and obviously do not represent
the steady state. On the other hand, the steady state currents in the table
cannot be said to be representative of a smooth CuAl2 surface but rather
of a very porous surface depleted to some degree in aluminum.
It can be seen from Fig. C. 2 that the current is a linear function
of time over a wide range at all four potentials. The curvature present in
the -285 my curve was checked by a duplicate run. The resulting current
time curve not only showed the same curvature, but also was almost super-
imposable on the first.
The two main features of importance are the linear relationship
between current and time and, more basically, the fact that high currents
are attained and sustained. The amount of aluminum removed in the -260 my
anodization, within the linear region of the i-t curve seen in Fig. C. 2,
corresponds to over 40, 000 atom layers (ca. 12 1) It should be noted that
the current further increased beyond the 85 ma/ cm shown to the limiting
value of 120 ma/ cm2.
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After a sufficiently long period of time, the current would have to
dE^1vrease due to the complete deplection of aluminum. The above data,
however, lead one to conclude that there must be considerable channeling
or pore formation as discussed by Pickering and Swann (C 1) for the case
of copper-gold alloys.
The anticipated decrease in current could be obtained by a modification
of the above technique. A sample of CuA 12 was anodized at -285 my until the
current had attained a steady value. The potential was then backed off by
50 my increments to more cathodic values, waiting for steady currents
before each change. After a total quantity of charge corresponding to
approxi.r ►ia,,ely 22, 000 atom layers of aluminum had passed, the potential
was stepped more anodic to -310 mv. The resulting current time curve is
presented in Fig. C. 3 and does show a current decrease following an initial
increase. The subsequent increase to a steady value is of interest and was
not anticipated. Upon comparing this curve (which, it must be remembered,
resulted on a surface already depleted of aluminum) with the current time
curve in Fig. C. 2 obtained on a new electrode at the same potential, one
notes not only higher currents at shorter times on the preanodized specimen,
but also a higher final steady state current.
Examination of the electrodes following anodic dissolution did not
reveal any significant roughness or pits. The surfaces had a definite copper
cast, especially the more strongly anodized specimens. It is believed that
electron microscopy will reveal micropores; such experiments are now
being set up. Quantitative analysis of the actual current time curves is
also underway.
While it seems that pore formation and channeling can explain the
sustained high currents, the reason for the cathodic shift in rest potential
still remains to be determined. To examine this phenomenon, a series of
constant current anodizations were performed during which the electrode
potential was monitored on a strip chart recorder.
The CuAl2 was anodized at several different current densities
ranging from ca. 0. 2 to 100 ma f cm 2 . In each case the current was applied
until the monitored potential became cons 	 Then the current was
- 33
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interrupted and the open circuit potential followed, also on the recorder,
AW	 until it became nearly steady. This sequence was repeated several times
IF	 until no further change occurred in the charging curves. Each step of a
given series involved approximately the same quantity of charge to facilitate
comparisons. In this manner, the effect of the quantity of charge passed on
the potential attained during current flow and also on the subsequent open
circuit decay could be determined.
The potential time curves obtained at the following current densities
0. 24, 2. 15, 23. 8, and 103 mat cm 2 have been reproduced in Figs. C. 4, 5, 6
and 7, respectively. All potentials have been iR corrected.
There are two general features present in all four sets of curves.
First, the shaper there is an increase in potential in the anodic direction at
short times, followed by a decrease to more cathodic potentials; then the
steady state is approached. Within a given series, the initial potential
increase becomes slower with each successive anodization. Second, at
104 ma/ cm2 , the steady state potentials move anodic with each current
application as would be anticipated, but at the lower current densities the
trend is in the opposite, cathodic, direction. At moderate current densities,
a point is reached whe_ the potential time curves become almost independent
of further anodizations. This is indicated by the envelopes in Figs. C. 5 and
C. 6.
The E -t series at 0.240 ma/ cm  is more erratic than the others,
probably due to the fact that the amount of aluminum removed was only
ca. 25 atom layers/ anodization. However, at the 104 ma/ cm  level, the
response was more reproducible. The curves all had the same general
shape and there was a trend in steady state potential to more anodic values.
In addition, the steady state was attained in relatively short times. Each
anodization at 104 ma/ cm  involved 7.3 coulombs or approximately 7000
atom layers of aluminum. Assuming uniform layer-like dissolution, this
would involve depth of attack equal to 2-3 4.
The open circuit potential was monitored on the chant recorder
following each current application. The steady value reached was found to
be a function of both the current and the quantity of charge which has been
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passed. The potential change between first and last a nc),Ji -Zat ions decreased
with increasing applied current density. The open circuit potential as a
function of total charge passed has been plotted in Fig, C. 8. The trend
towards more negative potentials with increase of anodic charge is un-
mistakable. Uncertainty in the actual value of the iR correction for the
high current run amounted to about one ohm. Thus the position of the top
curve in Fig. C. 8 could lie as much as 24 m y anodic to the one drawn.
A further experiment, devised to explore the changes occurring
during dissolution, involved the effect of anodic dissolutio ► on the position
of the subsequently determined cathodic polarization curve (hydrogen
evolution). In the limiting case, complete removal of aluminum from the
surface of CuAl 2P leaving a copper surface, would be expected to shift
the cathodic polarization curve in the positive direction and increase the
slope of the curve (cf. Fig. C. 1). Thus the experimentally observed
changes in th ,=,, cathodic curve with charge passed will be ideally a measure
of the surface fraction of copper in excess of that present initially (ca. 33%).
Each series was carried out as before by anodizing the CuAl2 at
constant current, After each current pulse, a partial cathodic curve was
obtained using a linear voltage scan of 20 mv/sec. The current-potential
curves were recorded on an X-Y plotter. Differential and single ended
followers isolated the electrochemical cell and potentiostat from the re-
cording device.	
2The cathodic curves obtained following 3.67 and 45 ma/cm
anodizations for 35 sec are seen in Figs. C. 9 and C, 10 respectively. The
cathodic curve run before anodization is shown in both cases. The shift
in curve position cannot be attributed exclusively to roughening of the
electrodes, although this does contribute. In both sets of curves, the
displacement is in the expected anodic direction. It is interesting to note
that the degree of change diminishes rapidly, especially at the higher
current levels. 'The proximity of these is indicated by the envelopes in
both figures.
The main factor responsible for this anodic shift appears to be the
magnitude of the applied current rather than the quantity of charge passed.
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anodization at 45 ma/ cm for 35 sec.
This was tested by running a series at 0. 55 ma/cm
.
 for 35 sec. When
no further change has occurred ir, the subsequent cathodic polarization
curves, the current was increased by a factor of four and the duration
of the pulse decreased by the same factor. Thus the charge in each pulse
was maintained constant. The subsequent cathodic curve was shifted by
50 my in the anodic direction. The effect of charge alone was tested by
applying the original current but increasing the time by a factor of four.
This had a negligible effect on the subsequent cathodic curve. In both
the potentiostatic and galvanostatic investigations the influence of current,
or anodizing potential, has been observed to be more important than just
the charge passed.
There are three unexpected, though self-consistent, phenomena
which require explanation: the increase in the rate of anodic dissolution
of CuAl2
 at constant potential, the shift in electrode potential in the
negative (mere active) direction during dissolution at constant current,
and the displacement in the negative direction of the open circuit potential
following anodic polarization.
Each of these strongly suggests that the dissolution of aluminum
is facilitated by the dissolution process itself. The moderating effect
of the surface film of aluminum oxide on the electrochemical behavior
of aluminum is well known. Thus, the open circuit potential and dissolution
curve are displaced to potentials much more positive than those thermo-
dynamically expected. Due to the masking effect of hydrogen evolution,
the active-passive transition is not observable for pure aluminum although
it is believed that the peaks in the cathodic polarization curves obtained on
pure aluminum do reflect this transition (see Fig. C. 1 in this report and
Figs. C. 2 and C. 5a in the Annual Summary Report). It seems likely that
changes in the electronic and ionic conductivity of the oxide film could
occur, thus destroying, at least partially, its passivating effect. This
would cause a shift in the open circuit and dissolution potentials to more
active values, i. e. to increase the rate of dissolution at a given anodic
potential.
This qualitative explanation is complicated in the present case for
CuAl2 by the fact that the aluminum is dispersed with copper. A question
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then ari;74^ ,3 concerning the nature of the oxide film, if any, covering the
surface of this material. That an oxide film can form is evidenced by
the anodic polarization curves obtained on CuAl 2 in sulfate medium (Fig. C. 11).
The passivaung effect of the oxide is apparent in comparing dissolution
curves in the nonaggressive (SO4) and aggressive (Cl - ) media.
As to the nature of the hypothetical changes occurring in the oxide
film on CuAl 2 during dissolution, it may be noted that potential shifts
similar to those noted on this material were observed with the pure Al-4Cu
alloy and commercial 2219 alloys (to be discussed further on) but not with
the 7075 (AI-Zn-Mg) system. It then appears that inclusion of copper in
the oxide film might be responsible for the observed behavior of CuAl2
either through modifications in the conductivity of the film or by inhibiting
the formation of a continuous film on the surface.
Breakdown in passivity of the surface oxide can explain the observed
shifts in potential. However, the maintained high dissolution currents
require, in addition, a porous type of attack. as already discussed. There
i^ good evidence for microchanneling in this type of material and it is
believed that electron microscopy will elucidate this point.
Thus, future work on CuAl 2 will involve, for the most part, a
i.
more quantitative and detailed anaiysis of the data obtained thus far.
Electron microscopy will be utilized to investigate surface roughening.
B. Corrosion of Al--4Cu
Our main aim with this part of the study has been to examine the
mode of attack on Al-Cu alloys as a function of this heat-treatment.
The pure Al-4Cu used in this investigation was kindly supplied
to us by Dr. D. O. Sprowls of Alcoa in the form of 0.040" sheet. Strips
were cut from this sheet and rolled to approximately 0.025". Then they
were solutionized by heating at 500°C for several days. Disks 0.25" in
diameter were punched out of this strip and a portion of these further
heat-treated to approximately the maximum hardness state in an argon
atmosphere (20 hours at 200°C). Another portion of solutionized disks
were heat-treated in an argon atmosphere for 72 hours at 200°C for
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"nlaXimulll precipitation".
1'or the electrochemical studies the disks were mounted on electrode
"blanks" with silver epoxy resin. The blanks were old commercial alloy
electrodes 0. 25" in diameter with one end threaded as has been described
previously. The epoxy resin was allowed to cure at room temperature in
order not to induce further undesired heat treatment of the pure alloy
disks.
Experiments performed on the solutionized (S.), maximum hardness
(M. H. ), and "maximum precipitation" (M. P.) samples have consisted of
polarization curves in pH 4.7 C1 and constant current anodizations in the
same medium.
The anodic polarization curves were obtained in the usual manner
using 10 my potential increments and taking current readings at 1.0 minute
intervals for S. samples, and within 2.0 minutes for the M. H. and M. P.
samples. Currents were reasonably steady for the solutionized material
but not for the others, except at relatively low currents (< 5 ma/cm2).
These curves have been summarized in Fig. C. 11. The pertinent
photomicrographs of the materials after corrosion are seen in Figs. C. 12
and 13. Grain boundary attack and severe pitting are evident in the M. FT.
and M. P. materials. The curves marked (a) were obtained on samples
punched from the rolled strip, whereas those marked (b) were measured on
disks punched directly from the original sheet and then pressed to ca.
0.025" before heat-treating. The variations can be attributed to differences
in the amount of cold work introduced by the rolling and pressing operations.
In spite of this variability, there is an unmistakable shift in the curves in the
more noble direction with increasing degree of homogeneity (as was reported
in Fig. C. 12 of the Fourth Quarterly Report for alloy prepared in this
laboratory). 'This is consistent with the relative positions of the curves
for the -T37 and -T851 tempers of the commercial alloy seen in Fig. C. 22
and discussed later.
Each of the three tempered pure alloy specimens was anodized at
two current densities, 2. l ma/ cm  (for 500 and 1000 sec) and 21.0 ma/cm 2
(for 50 and 100 sec). The samples were first anodized for 500 or 50 sec andP
then after examination, were reanodized for the same length of time and
examined again.
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The nature of the corrosiv,_ attack varied greatly with the state
4f	
of precipitation. The solutionized material showed no evidence of grain
boundary corrosion, even after further extensive anodizing. This is consistent
with what had been observed on the solutionized pure alloy specimens pre-
pared in this laboratory (Fourth Quarterly Report, p. 21). Pitting was more
extensive at the higher current density as seen in Fig. C. 14. The appearance
of the sample anodized at 6 ma for 100 sec differed from that after 50 sec
mainly in the depth and siZle of pits. 'The pit density did not appear to increase
significantly with additional corrosion.
Both the M. H, and M. P. samples underwent grain boundary corrosion
at both current densities. Photomicrographs of M. H. specimens are shown
in Figs. C. 15 and C. 16. 'These micrographs were taken after a second
anodization at the same current, as is indicated. The higher current density
results in a higher , pit density, whereas the lower current serves to accentuate
the grain boundary attack. It may well be that time rather than current density
determines the degree of grain boundary corrosion. It is interesting to note
the presence of slip lines in the M. H. specimens revealed by the corrosion
process. These appeared on two different samples used at the two current
densities. No evidence of slip lines was found for either the solutionized or
maximum precipitation forms of the pure alloy or in either temper of the
commercial 2219 alloy. Whereas high concentrations of slip lines have been
observed in both AI-Zn-N% (C2) and copper-zinc (C3) alloy systems, no
reference to their appearance in Al ­Cu alloys has been found.
There are two main differences between the corroded maximum
hardness (Figs. C. 15 anL! 16) and the maximum precipitation, (Figs. C. 17
and 18) tempers. First, no slip lines appear in the latter material and
second, the grain boundaries are less conspicuously corroded in the M. P.
state.
The differences in the degree of observabie grain boundary corrosion
among the S., and M. H., and M. P. specimens of the pure AI-4Cu alloy lie
in the nature and distribution of the precipitate phases present. In the
solutionized form, there is (ideally) no precipitate phase; the material is
homogeneous. Because there is a discontinuity at the grain boundaries,
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Fig. C. 16 Photomicrographs of pure Al-4 Cu alloy in maximum
hardness form following corrosion at 21.0 ma/ cm2
for 100 sec. in pH 4.7 m Cl-.
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Fig. C. 17 Photomicrographs of pure Al-4 Cu alloy in maximum 2
precipitation form followingg corrosion at 2. 1 ma/cm
for 1.000 sec. in pH 4.7 m C1-.
- 54 -
• w•
Of
• • •^y:a{+	 ' 1.	 1	 . i~^ Rr
Apr
IN
(a)
67 X
r	
!
ae•	
I"^ ♦ 	 ,, w	 4	 T
•.,	 .	 (b)
` • .
	 : •^, a w	 ,,^	 ''	 533 X
At
^:	 • Pte'.	
.•	 `•^	 ' s
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for 100 sec. in pH 4.7 m Cl-,
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preferred corrosion, which can occur there, would most likely result in
grooving too shallow to be detected by light microscopy. In the maximum
hardness form, GP (2) zones predominate, forming a nearly continuous
band at the grain boundaries. While the GP (2) particles are larger than the
GP (1), they are still much smaller than the e' and especially (4 phases
which predominate in the maximum precipitation material. At a given
magnification, the far more continuous nature of the corroded grain
boundaries in the maximum hardness material is evident (Fig. C. 15b).
In Fig. C. 18 the more discontinious and bulky 8 phase is clearly revealed
in a M. P. specimen.
Under the galvanostatic conditions employed in this corrosion
study, both the matrix (A1-4Cu) and precipitate phases were corroded. It
appears from the photomicrographs that corrosion of the CuAl 2 type
phases serves to decorate the grain boundaries. The more numerous,
closer (although smaller) GP (2) particles at the grain boundaries in the
M. H. material should result in more apparent corrosion of the grain
boundary areas, thus accentuating them. Discontinuous attack at the grain
boundaries of the precipitated form of the pure alloy had been observed also
on a sample of pure alloy prepared in this laboratory (see Fig. C. 13 (b),
Fourth Quarterly Report).
C. Corrosion of 2219-T851 and -T37
The two tempers of 2219 chosen for study under this contract have
been investigated via galvanostatic anodization and anodic polarization
curves in pH 4.7 Cl - . The object of the galvanostatic studies was to corrode
the materials under reprodicible conditions of current and time (consequently,
charge) and to examine them with light microscopy to ascertain the mode of
attack. This technique has been applied to the pure Al-4Cu alloy as reported
earlier in this section.
The currents applied were again 21.0 and 2. 1 ma/ cm  for 50 sec
and 500 sec respectively. As will be discussed later, only the SCC susceptible
-T6 temper of 7075 underwent visible grain boundary corrosion under galvano-
static conditions, whereas the nonsusceptible --T73 temper showed no preferential
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grain boundary attack. A similar situation occurred in the 2219 system.
Only the SCC susceptible -T37 temper underwent grain boundary corrosion,
and in this case it was severe. The -T851 temper, on the other hand,
yielded no observable grain boundary attack. In some cases, extensive
anodization did yield some grain boundary corrosion in small isolated
sections of the over-all exposed surface as seen in Fig. C. 15a of the
Fourth Quarterly Report.
This can be seen in the photomicrographs presented in Figs. C. 19
and C. 20 for -T37 and -T851 respectively. Most of the perceptible corrosion
in the case of -T37 has occurred at the grain boundary with relatively
little in the grains themselves. More extensive corrosion, involving higher
currents and larger quantities of charge, as encountered during anodic
polarization curve determinations, leads not only to furthei accentuation
of the grain boundary but also to some massive pitting within the grains
themselves (Fig. C. 21a). This particular -T37 electrode had been subjected
to currents in excess of 100 ma/ cm2.
The nature lnd degree of attack for -T37 did not differ significantly
from 2. 1 to 21 ma/ cm . This was not the case for -T851 as seen in
Fig. C. 20. The higher current resulted in a higher density of smaller pits.
No significant grain boundary attack occurred for this temper. The
important factor may not be the current density applied, but rather the
time interval which, for the lower current level, was an order of magnitude
greater.
A considerable difference in the corrodibility of the two materials
is evident from noting the relative positions of the anodic polarization curves
presented in Fig. C. 22. These were obtained by the usual potentiostatic
method; currents were recorded either when steady or two minutes after
each 10 my increment in applied potential, whichever came first. It is
interesting to note the proximity of the -T37 curve to that of CuAl 2, whereas
in the case of -T851 it is closer to the polarization curve for pure aluminum.
From a comparison with the corresponding curv,-is for the pure alloy (Fig. C. 11),
this is expected since the -T851 material is in a greater state of precipitation
than the -T37.
t
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Fig. C. 20 Photomicrograph of 2219-T851 following corrosion at:
(a) 2. 10 ma/ cm for 500 sec; (b) 21.0 ma for 50 sec.
in pH 4.7 m Cl-.
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Fig. C. 21 Photomicrographs of (a) 2219-T37 and (b) 2219-T851
following anodic polarization curve determinations in
pH 4.7 m Cl-.
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Fig. C. 22 Anodic polarization curves for 2219 and pure constituents
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In attempting to explain the differences betw4-en the degree of grain
boundary attack on thf_ two tempers, one encounters some difficulty. The
pure alloy in the maximum hardness state readily corroded at the grain
boundaries. The 2219-T851 temper showed virtually no grain boundary
corrosion, however, even though it is at maximum hardi ►ess. Careful
examination of corroded T851 surfaces at high magnification (Fig. C. 21b)
reveals much larger corrosion pits than T37 at the same magnification
(Fig. C. 19b). In the latter case, the corroded grain boundary appears
essentially continuous. The larger pits, in the case of the -T851 (Fig. C. 21b)
form patterns suggestive of grain boundaries, but the resolution is not
sufficient to state this with any certainty. In any event, the attacked particles
are larger in -T851 than in -T37, which suggests that the fully aged con-
dition in -T851 differs considerably from the maximum hardness state in
the pure alloy. The influence of the minor constituents in 2219 (Mn, Ti, V,
etc. ) in effecting this is unknown. A more detailed analysis of the data is
now being carried out.
III. CORROSION IN THE AI-Zn-Mg SYSTEM
Although the main emphasis this past quarter has been on the
aluminum-copper system, the galvanostatic corrosion studies were applied
to the 7075 system. The aim again has been to characterize the mode of
corrosive attack under relatively well defined conditions in pH 4. 7 Cl
medium. The same current densities, 2. 1 ma/cm 2 for 500 sec and 21. 0
ma/cm2 for 50 sec, were applied. Photomicrographs for the -T6 and -T73
tempers are presented in Figs. C. 23 and C. 24 respectively.
The -T6 material, which is SCC susceptible, did reveal some
scattered grain boundary attack, whereas none was found on the nonsusceptible
-T73 form. In contrast to the heavy film formation on the -T6 temper, only
scattered light patches were found oil -T73. It is possible that grain boundary
corrosion in -T6 is masked bi; the opaque anodic film, which became heavier
at the higher current density. It is to be noted that grain boundary attack
was far less conspicuous on tf e susceptible 7075-T6 material than had
been found on the corresponding susceptible --T37 form of 2219.
On the basis of the anodic polarization curves for 7075-T6,-T73 (also
pure Al and MgZn2) presented in Fig. C. 25, it is apparent that there is
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Fig. C. 23 Photomicrographs of 7075-T6 following orrosion at 2
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for 50 sec. in pl-I 4.7 m Cl
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very little difference between the over-all corrodibility of the two tempers.
k,.	 Indeed their anodic behavior is very similar to that of pure aluminum.
The role of corrosion in "sensitizing" 7075 'to stress corrosion is
discussed in part V of this section. The comparison of the i-E curves for
7075 and MgZn2, and the potential dependence of the SCC, shows that the
corrosion of MgZn2 is not sufficient to produce this sensitivity. Corrosion
of A 1 from the alloy is also necessary.
IV. CORROSION OF Mg 2Al3
The intermetallic phase M92Al 3  has been investigated via polarization
curves, although it does not pertain to the two alloy systems presently
under study. It is the predominant precipitate material involved in the
5000 series of alumim.n alloys.
The M92Al 3  was prepared from high purity materials by melting
in a 3/8" graphite crucible sealed in a quartz tube containing argon. X-ray
and metallographic examinations revealed the material to be essentially
single phase. The ingot was sliced into 0.25" thick disks and mounted with
silver epoxy resin, as had been done for CuAl 2 and MgZn2. The same
polishing technique of 600 silicon carbide, 6 A, and finally 1 A diamond was
employed as for the other materials studied.
The open c ircuit potential of this material in pH 4.7 Cl was -1160
+ 20 my vs. NHE and did not change by more than + 50 my following anodic
dissolution.
Only limited portions of the anodic polarization curve could be
obtained in even the mildly acidic pH 4.7 chloride solution due to severe
self dissolution accompanied by copious hydrogen evolution. Therefore,
no i-E curves are presented for this medium. The two photomicrographs
presented in Fig. C. 26 give some indication of the severity of the attack.
In pH 4.7 SO4-, on the other hand, M9 2A 1 3 exhibits almost the same
passive behavior observed on pure aluminum. The anodic current potential
curve is to be seen in Fig. C. 27. While there was no evidence of pitting
after anodizing up to + 2.5 v, the electrode surface was found to be covered
with patches of a black film. The nature of this film is presently unknown but
is being analyzed. Additional work on this material is not planned.
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V. STRESS CORROSION
A. Introduction
It is fundamentally assumed in the study of stress corrosion that
for this phenomenon to occur there must be conjoint action between the
applied stress and the corrosion process. In other words, the extent of damage
must be greater when both stress and corrosion are applied simultaneously than when
each is applied separately. In the past this distinction has seldom been
rigorously examined even though, as is discussed below, some preliminary
work has been done. It is apparent that two aspects are crucially important:
(1) the separation of the effects of stress and of corrosion in stress corrosion
and (2) the demonstration of the conditions under which it is appropriate
to investigate experimentally the atomistic mechanisms for each process.
Furthermore, from the engineering standpoint, it is also of practical
importance to isolate mechanical frorn chemical effects.
As will be shown, large differences exist in the behavior of different
Al alloys in the extent to which these two parameters must be separated.
This separation, it turns out, is of critical importance in establishing mean-
ingful measures for the kinetics of crack growth in Al alloys. Hence in the
experiments on the stress corrosion cracking of 7075-T6, 2219-T37, and
Al-4 Cu described below, we have focused on this important problem. It
will appear that for 7075-T6, for example, only a very small part of the
faflure time in a stress corrosion test corresponds to the real stress corro-
sion phenomenon. The remainder of the time (957) is involved in a
"sensitization" of the material by pure corrosion and, finally, in rapid
crack propagation.
In part B of this section, we summarize the technique for distinguishing
the separate effects of stress and corrosion from stress corrosion. Then,
in parts C to E we summarize results for 7075-T6,2219-T37 and Al-4 Cu.
Finally, in part .F , we summarize the present status of our data.
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9B. Separation of Mechanical and Electrochemical Effects
The separate effects of corrosion alone and of corrosion with the
simultaneous application of stress have been recently discussed by
Sprowls(C4). He pointed out that more than one test is necessary to
distinguish stress corrosion from mechanical failure. The tests
suggested are those discussed by the 1948 ASM subcommittee on stress
corrosion(CS) , as modified by Booth (C6). et al. These tests consist of
the following:
A sample is pulled to fracture in a normal tension test and the
tensile strength, TS, recorded. A second specimen is exposed to
corrosion while unstressed and subsequently, after it has been removed
from the corrosive environment, its tensile strength, TSu , is determined.
A third sample under a fixed stress, S, is exposed to stress and the corro-
sive environment simultaneously. The stress, S, must be such as to cause
failure in the same length of time of exposure as that used for the unstressed
specimen. The "stress corrosion index" (SCI) is then defined (C6) as
TSu - S
SCI =
TS - S
This definition and its associated testing technique suffer from several
serious objections. First, the breaking stresses must be arbitrarily
calculated, usually by using the original cross-sectional area. These
stresses, therefore, do not bear any fixed relation to the actual stress
which causes fracture. Furthermore, the fracture stress, even when
calculated as described, is extremely variable. The variability in
this quantity, in addition to the normal variability of stress corrosion
tests, could be expected to lead to wide variation in SCI values and this
is, in fact, the case(C4).
Since there is reason to believe that the differentiation between
corrosion-induced mechanical cracking and stress corrosion cracking
may be a significant one for high strength aluminum alloys (C7) , it is
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important that a reliable index be available for separating these different
influences. To this end, a new stress corrosion index which does not
suffer from the objections mentioned above is needed. The precorrosion
susceptibility index (PSI) which is proposed here for this purpose does not
involve any calculation of fracture stress. Rather, what is measured is
time to failure, in all cases. The procedure is as follows: A specimen is
loaded to a fixed stress, say 907 of the 0. 270 offset yield stress, and its
time to failure in a normal stress corrosion test is determined. Another
sample is subjected to a fixed period of precorrosion before being loaded
and its subsequent time to failure after stressing is determined. By
repeating this procedure, varying the duration of the precorrosion treatment,
a curve such as that shown schematically in Fig. C. 28 can be generated.
In this figure the length of time during which both stress and corrosion were
applied before failure is plotted as ordinate, while the length of time during
which corrosion alone was applied is plotted as abscissa. The dotted lines
on this figure show the behavior to be expected for the two extreme cases
either of complete insensitivity or of complete sensitivity to precorrosion.
'That is, in the first case, the precorrosion treatment has no effect on the
subsequent time to failure in a normal stress corrosion test. In the second
extreme case the precorrosion which occurs before the stress is applied is
just as effective in leading to final failure as is the corrosion which occurs
simultaneously with stress. As we will show, these two "unlikely" extreme
cases very nearly apply exactly in our case (2219-T37 and 7075-T6); thus,
very careful separation of the effects is necessary.
The way in which our experiment was carried out is helpful in
illustrating the usefulness of this concept. Specifically, the way in which
the ordinate and abscissa values are defined in our experiments is shown
with reference to the schematic diagram given in Fig. C. 29* This figure
shows the load versus time curve for a typical precorrosion experiment.
The current is kept constant throughout the test. With reference to
Fig. C. 29, the precorrosion time is defined as the time OA. The subse-
quent time to failure is then defined as AB + BC. The interval BB' was,
in our experiments, exactly two minutes. It represents the period allowed
A similar procedure for Al-Mg-Zn was first proposed by W. Gruhl,
Z. Metallkde. 54, 86 (1963).
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for the initial relatively high creep rate to end before the load was
again restored to the calculated value (9 WO of the 0. 270 offset yield
stress in all cases). Thus, with reference to Fig. C. 28, the ordinate
(which in that figure is denoted as "time to failure after precorrosion,
both load and corrosion applied), is defined as the time AB + BC. The
abscissa (which in Fig. C. 28 is called "length of time during which
specimen is precorroded without stress") is defined then as thetime OA.
From these considerations it is now possible to develop a new
measure of susceptibility to precorrosion without stress which does not
suffer from the deficiencies of the "stress corrosion index" previously
mentioned. This new parameter, the "precorrosion susceptibility index"
(PSI), is defined as the absolute magnitude of the initial slope of the time
to failure versus precorrosion time plot. Mathematically one has,
Precorrosion
Susceptibility	 (PSI) _ Lim	 d (AB + BC)
AB + BC O	 d (OA)
Index
For cases of insensitivity to precorrosion, this equation yields a value
of 0 (zero slope), while for the case of complete sensitivity to precorro-
sion the value of the precorrosion susceptibility index is 1 (45 degree
slope), with other situations giving PSI indices between these two limits.
Furthermore, if a normalization procedure is used, then the
behavior of different alloys in the same environment (or the same alloy
in different environments) can be easily recorded on the same graph.
The most suitable procedure is to divide each axis value by the time to
failure in a normal stress corrosion test of each alloy tested. In such a
normalized plot, each curve will begin at unity on the ordinate since tests
made with no precorrosion are, in fact, normal stress corrosion tests.
Thus, for zero precorrosion the normalized time to failure must be
identically unity. This normalization procedure, of course, has no effect
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on the slope since ordinate and abscissa are both divided by the same
quantity. Hence, also, PSI values will be unaltered. By defining the
normal time to failure as the time AC with OA equal to zero and both
current and load applied at A, one obtains consistency since the defini-
tion of the time to failure after precorrosion is the time AB + BC (the
current being applied during OA + AB + BC). In any event, this effect
of the loading time, AB, can be male small by choosing a low current
density
This method of analysis is of particular importance to our alloys,
2219 -T37 and 7075-T6, with regard to separating the effects of stress
corrosion, and stress corrosion both in practical engineering terms, by
isolating damage rates and conditions, and in mechar. istic studies by
helping to focus on the different stages of failure.
C. Tests on 7075 -T6 and 2219-T3'/ *
As noted, there is indication in the literature that for high strength
aluminum alloys, inechanical cracking is significant (C7 ). To examine
this indication, specimens of both 7075 -T6 and 2219-T37 have been tested
according to the procedure just described. For this purpose, the stress
corrosion cell which has been detailed in previous reports proved to be
ideal. The speciniens were subjected to galvanostatic precorrosion in situ
and then loaded without being removed from the test cell. The results of
these tests for both 7075 -T6 and 2219-T37 are shown in Fig. C. 30. In this
figure the ordinate and abscissa values have been normalized by dividing
them in each case by the normal times to failure, as previously defined,
which were 39. 6 and 16. 5 minutes, respectively.
All tests were carried out in 1M NaCl solutions, buffered to pH = 4. 7,
thermostated to 30°C, and stirred with a flow rate of 220 ml/minute. The
current density used was 0. 3 ma/cm 2. The initial load was 907 of the 0. 27
offset yield stress for each alloy.
From Fig, C. 30 the difference in behavior between 7075-T6 and
2219-T37 is immediately apparent. The precorrosion susceptibility index
for 2219-T37 is zero, within experimental error, while that for 7075-T6
* Alloy 2219-T37 was kindly supplied by Dr. H. Lee Craig, Jr. , of the
Reynolds Metals Co.
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is unity. This difference is extremely significant, since it shows
immediately that the mechanisms of cracking in each case are undoubtedly
radically different. This difference has further importance because it
suggests that additional care must be exercised in the storage of 7075-T6
compared with 2219-T37 because any corrosion which occurs while the
material is not under stress is just as effective dama ging the mechanical
soundness of the material as is corrosion which occurs simultaneously
with stress_ This is not the case with 2219-T37, however. In this alloy
corrosion without stress is almost completely ineffective, up to quite
high levels, in leading to failure.
In Fig. C. 30 the "time to failure" of the 2219-T37 was taken as
the rime for the applied load to drop to 80% of its original value, rather
than the time to complete failure. This procedure was necessary because,
as will be discussed, the failure of 2219-T37 was not catastrophic, as in
the case of 7075-T6, but rather occurred in a stepwise manner. Thus,
some definition of when failure has occurred is necessary. In almost all
cases the initial discontinuous step was sufficient to decrease the load
below the 807 value and thus make the time to failure sharply defined.
The results for 7075 -T6 indicate that initially corrosion without
stress is just as effective in leading to failure after stress is applied as is
corrosion which occurs simultaneously with stress. It was considered that
this result might be due to residual stresses present from the machining
operation and that, therefore, the material was always under some stress.
This possibility has been checked even though it is usually the case that
machining stresses are of a compressive nature and hence should not con-
tribute to stress corrosion. They may, in fact, act in a manner similar
to that of shot-peening(CB)
 and impede stress corrosion. Nevertheless,
experiments were carried out to determine whether or not these residual
stresses or any residual stresses remaining from the manufacture of the
plate contributed to these results. To remove all residual stresses,
specimens of 7075-T6, as-machined, were resolutionized at 900°F for one
hour to anneal all cold work. This was followed by quenching directly into
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oil which was heated r ,a the proper age -hardening temperature (250'F),
and by ageing for 24 hours at this temperature. This is the standard
-T6 heat-treatment for 7075(C9) . By quenching directly into hot oil,
quenching stresses were greatly minimized(C 10). Any residual stress
at the surface would be compressive in nature. This conclusion follows
because during quenching the outer surface, of course, cools first.
Since the interior regions are still hot and therefore relatively soft,
they can deform plastically as the cooling outer regions contract. When
the interior finally cools, however-, the outer regions are already cold
and do not deform readily. Therefore, as the interior contracts it
applies a compressive stress to the outside while itself supporting a
tensile load. By quenching in oil, this effect itself is also minimized.
Thus, this treatment served to remove any possible tensile loads which
might possibly have existed at the surface of the 7075-T6 specimens and
therefore to insure that the effects of precorrosion occur completely in
the absence of any tensile stress.
After resolutionization and heat treatment, selected specimens
were tested to insure that the proper value for 907 of the 0. 270 offset
yield stress was used. The results of the precorrosion tests on this
alloy (Fig. C. 31) show that the behavior of these specimens is effectively
identically to that of as-machined specimens of 7075-T6. As in Fig. C. 30
the results have been normalized by dividing both ordinate and abscissa by
the value of the time to failure in a normal, stress corrosion test. For the
heat-treated specimens this time was 16. 2 minutes, the load and current
being applied simultaneously. It should be noted that this normal time to
failure is less than that for the as-machined :specimens. Thus, rather
than contributing to failure the machining stresses were strongly compressive
in nature and, in fact, acted in a manner similar to that of shot-peening.
Hence, the results obtained by the precorrosion experiments are valid and are
not due to any residual stress.
There is one apparent qualitative difference between the behavior
of the as-machined and the reheat-treated 7075-T6 specimens. In
Fig. C. 30 it would appear that after a certain amount of precorrosion,
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the as-machined specimens of 7075-T6 fall to a lower normalized value of
time to failure than that of the reheat-treated samples of 7075-T6. This
effect is due to the fact that because of the short normal time to failure
of these specimens, the time necessary to apply the required stress would
tend to increase the measured time to failure as previously defined.
Nevertheless when this effect is taken into account for both the as-machined
and reheat-treated samples there is still a critical period during which a
true stress corrosion mechanism is operative. From this observation it
appears that only after the normal corrosion processes operate independent
of stress does a true- stress corrosion process occur.
This conclusion was verified by precorroding a specimen of
7075-T6 for four hours (6. 1 times the normal time to failure), followed
by the application of the same amount (0. 3 ma/cm 2) of cathodic protection
current density five minutes prior to loading. Maintaining the current
density during loading, the stress was then applied (907 of the 0. 270 offset
yield stress). After holding under both load and cathodic protection, the
current was then reversed and again made anodic. Failure then occurred
in 3. 6 minutes. Thus, this experiment proves that after substantial pre-
corrosion, in the interval after the load has been applied but before
failure has occurred, an electrochemical reaction is necessary for failure
to occur. The fact that there is a long region from one to six or more
times the normal failure time over which additional precorrosion does not
further decrease the failure time demonstrates that in this period true
stress corrosion occurs. It is also especially remarkable that in the case
both of the as-machined and of the reheat-treated samples, the absolute
magnitude of the time during which true stress corrosion occurs (i. e. when
further precorrosion is not effective) is very nearly the same, e. g. 39. 6
min x 0. 12 = 4. 75 min and 0. 3 x 16. 2 = 4. 85 min. Thus, the true stress
corrosion period is independent of the surface treatment. This is a result
which could not be deduced from a normal stress corrosion test since,
in fact, the normal time to failure of the for the as-machined and the reheat-1
treated specimens were 39. 6 and 16. 2 minutes respectively. Hence this
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measure of susceptibility, which is the one usually made, is highly
sensitive to surface preparation and does not isolate the region of
"°true" stress corrosion.
Also shown in Figs. C. 30 and C. 31 are points for the results
obtained for long periods of precorrosion. Failure occurred almost
immediately in all cases for both 2219-T37 and 7075-T6, in the as-
machined and as reheat-treated states. After such long periods of
corrosion, sufficient damage has evidently taken place so that the 907
of the u. 27 offset yield stress cannot be reached. However, fracture
does not occur immediately but only after some sharply defined load is
reached. Hence, it will be possible, by conducting a series of extended
precorrosion tests in conjunction with a metallographic study, to develop
a quantitative correlation between the depth of corrosion damage and the
extent of the decrease in the effective engineering stress which the
material can support. While there has not been sufficient time to develop
a complete relation, metallographic data has been acquired on extensively
corroded specimens and also for specimens corroded for periods where
rapid changes are still occurring due to precorrosion, that is, in the
region where addition precorrosion still affects the subsequent time to
failure. These data are reported in the next section.
Finally, Fig. C. 32 shows typical load versus time relationships
for 7075-T6 and 2219-T37 specimens during a precorrosion-stress
corrosion test. This figure illustrates the difference in the mode of
failure of these two specimens. We see that 2219-T37 fails in a periodic
manner, while the final failure of 7075-T6 is clearly a one step process.
As will be discussed in the section on the pure alloys, the discontinuous
failure of 2219-T37 results from the halting of crack propagation when a
crack comes to the end of a (suitably oriented) grain boundary. Additional
incubation time is then required to nucleate a crack in the new grain
boundary. Thus, the failure of 2219-T37 occurs via a periodic-mechanical-
stress corrosion mechanism (as distinct from a periodic-mechanical-
electrochemical mechanism). The 7075-T6, on the other hand, shows no
evidence for periodicity. Once a crack has begun to propagate it continues
i
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on to the complete failure. Hence, for this alloy electrochemistry
plays no part beyond crack initiation. This view is consistent with the
conclusion reached on the basis of the result draw, from Fig. C. 30 --
that failure in 7075-T6 is principally mechanical and that the function of
corrosion is to introduce stress rises in the form of pits or corrosion
crevices.
D. Metallography of Stress-Corroded Commercial Alloys
Because the effect of precorrosion on 7075-T6 is so predominant,
metallographic examination has been undertaken to determine the charac-
ter of the damage which occurs with and without stress. For comparison,
specimens of 2219-T37 are also included. Specimens were taken after
fracture, mounted, and sectioned parallel to the sample axis. Thus all
microphotographs show transverse sections running perpendicular to both
the plane of t'ie fracture surface and also the specimen edge. This method
ailows the depth, extent, and character of attack to be determined in a
manner far more satisfactory than surface photographs would allow. In
particular, by sectioning, the depth of pits and the manner in which pits
may lead to crack formation are clearly revealed.
Figure C. 33(a) shows a specimen of 7075-T6 after a precorrosion
treatment of 16 hours with a current density of 0. 3 ma/cm2. The edge of
the specimen surface is shown to the right, while the fracture began at a
pit and then propagated as a grain boundary cleavage fracture. This con-
clusion can be drawn because the irregular wall structure of the pit
appears at the surface, extending approximately 10 mils inward, followed
by a smooth region of cleavage fracture. Figure C. 33(b) shows a similar
section of a 7075-T6 specimen precorroded for 16 hours with a current
density of 0. 3 ma/cm2 but not subsequently stressed. Here, the pitted
structure is clearly evident. It is significant that the pits appear to be
growing along a grain boundary and the radius at the crack tip is very
small. Hence, such pits could be expected to be effective stress risers.
Figure C. 34 shows a transverse section of the fracture surface of a
specimen of 7075-T6 after a normal stress corrosion test. As expected,
(a )
r
... r
I
(b)
Fig. C. 33 7075-T6 specimen precorroded for 16 hours
at 0. 3 ma/ cm2 : (a) subsequently stressed,(b) unstressed; 200 X.
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Fig. C. 34 7075-T6 specimen as fractured in a normal stress
corrosion test, 200 X.
I
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Pthe surface pits are very small. The fracture edge is quite regular and
clearly shows that the failure occurred by cleavage along grain boundaries.
For comparison, Fig. C. 35(a) shows a transverse section of a
specimen of 2219-T37 precorroded for one hour at 0. 3 ma/cm 2 . As in the
case of 7075-T6 a substantial pit is visible. Careful examination shows,
however, that this pit terminates at a grain boundary triple point and that
although even larger (approximately 15 mils) than those pits in the 7075-T6
specimens of Fig. C. 33, did not lead to failure. The specimen did fail,
however, and the mode of failure was stepwise or periodic, as was shown
for a typical 2219-T37 specimen in Fig. C. 32. Figure C. 35(b) shows a
transverse section of the fracture surface. This fracture surface is quite
irregular, especially when compared with that shown for 7075-T6 in
Fig. C. 34. The difference in grain structure shown in Figs. C. 34 and C. 35
should also be noted. In Fig. C. 34, the grains are greatly elongated and
presented long regions over which the crack may propagate without hindrance.
In Fig. C. 35, the grain structure is much more equiaxed and the propagating
crack is therefore required to change direction much more often. This
situation is very probably partly responsible for the discontinuous, step-
wise or periodic nature of the failure process in 2219-T37.
For completeness, Fig. C. 36 shows the appearance of a reheat-
treated specimen after corrosion for 16 hours with a current of 0. 3 ma/cm2.
This microphotograph shows that the rehear-treatment has not altered the
grain structure significantly and that pitting is still associated with grain
boundaries.
E. Stress Corrosion Tests on Pure A1-4 Cu
These specimens were taken from the same 50 mil sheet used in the
deformation experiments reported in section B. The specimens were rec-
tangular in cross section and measured 4" x 5/16" x 0. 50". They were
solutionized at 500'C for 6 hours, water quenched, and aged at 200'C for
20. 3 hours. The test cell employed was a modification of that used for
the commercial alloys. Tile modification was confined to the machining of
new Teflon end pieces to accommodate rectangular specimens instead of
- 
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(a)
r
(b)
Fig. C. 35 2219-T37 specAmen precorroded for 60 minutes
at 0.3 ma/ cm : (a) transverse view of specimen
side, (b) transverse view of fracture surface.
j
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Fig. C. 36 7075-T6 reheat-treated specimen precorroded for
16 hours at 0.3 ma/ cm 2 . Unstressed, 100 X.
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the rounded samples used previously. The same O-ring sealing procedure
was used as before. As noted in section B, the grain size of these samples
was approximately 0. 2 mm and the average . 0037 yield strength was
21,000 psi. A large grain size was desired in order to clarify the crack
propagation mechanism.
Four specimens were used for precorrosion tests, as described
previously for the commercial alloys. Due possibly to the large grain
size, the times to failure showed considerable scatter, though generally
the behavior was similar to that found for 2219-T37. That is, precorrosion
for a time equal to the normal time to failure did not decrease the time to
failure of the subsequent stress corrosion (load and corrosion together).
For greater amounts of corrosion, the time to failure decreased sharply
but did not go to zero. The specific precorrosion times and subsequent
times to failure after stressing are shown in Table I.
TABLE I
Precorrosion treatments and failure Ames for specimeri, of high-purity,
Al-4 Cu alloys. Grain size, 0. 2 mm, strained . 037 . ".olumn headings
conform to the definitions shown in Fig. C. 29. n, b., C is defined as the
point at which the load has falled to 807 of its original ►alue.
Test No. OA AB BC'
438 0 11 min 43 min
#39 5 hr 7. %Ij min 5. 3 min
#40 2 hr 11. 6 min 6. 2 min
#41 1 hr 11. 0 min 82. 8 min
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Figure C. 37 shows the appearance of these specimens after the
it	 tests. The intergranular nature of the cracks is evident from the sharpangular profile of the fracture. In all cases, more than one crack is
visible, but these are all small compared with the principal crack.
The behavior of these specimens was qualitatively very close to
that of the commercial alloy, particularly with regard to the discontinuity
of the cracking process. Since the grain size of these specimens was
sufficiently large, it was possible to associate the discontinuous changes
in load with the advancement of cracks from one grain to another. Thus,
the crack advance was not halted by obstacles lying within the grain
boundary itself. The function of the corrosion must principally be in
renucleating the crack after it is halted at a grain boundary junction.
Thus, the critical period of stress corrosion occurs during this renucleation
process. It may be, for example, that one of the functions of the stress is
to keep the crack sufficiently open to give the environment access to the
crack tip. Such an effect could well occur in addition to an oxide rupture
mechanism or the ductile tearing of the solute or vacancy denuded zone
adjacent to the grain boundary. Since the tests on commercial alloys show
clearly in the case of 2219-T37 that corrosion without stress is not at all
effective in leading to failure but must be accompanied by stress, it is prob-
able that some such mechanism or mechani sms must be invoked.
Figure C. 38(a) shows the matching fracture surfaces of a normal
SCC test specimen and of a specimen precorroded for 5 hours. Both
specimens show very clearly the faceted appearance of an intercrystalline
failure. The precorroded specimen shows also, however, evidence of a
deep pit which nucleated initial cracking. Figure C. 38(b) shows a higher
magnification photograph of one of the facets shown in Fig. C. 38(a). This
facet is of course, a grain boundary surface. No markings indicative of
a halting in crack advance are visible although both cracks and pits are
apparent. This supports the conclusion reached by observation of the test
itself that a crack, once initiated, does not stop until it reaches another
rain boundary. Final proof of this hypothesis will come by testing
specimens with a grain boundary structure of the bamboo type. This
90 -
Fig. C. 37 Photograph of high purity A 1-4Cu stress
corrosion specimens. Left to right, normal test,
1 hour, 2 hours, and 5 hours precorrosion,
respectively. 7 X.
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(b)
a	
N^MA-M28k .^
(a)
Fig. C. 38 Fracture surfaces of nigh purity AIACu
specimens: (a) left, matching surfaces
of normal SCC test specimen; right, matching
surfaces of specimen precorroded for 5
hours, 7 X; (b) facet on normal SCC test
specimen, 100 X.
- 92 -
structure is characterized by grain boundaries which pass completely
across the width of the sample. If the hypothesis (that a crack, once
begun, advances continuously until it meets a grain boundary junction)
is correct, then such a bamboo structure specimen would fail catas-
trophically. If, on the other hand, a crack can be stopped by obstacles
lying within the grain boundary itself, then failure will still be discon-
tinuous or step-wise. In view of the importance of this point, such
experiments will be carried out within the next quarter.
F. Summary of Stress Corrosion Experiments
With regard to the interpretation of these results, one conclusion
is immediately evident, If the failure of 7075-T6 occurs by essentially
cleavage fracture of grain boundaries nucleated by corrosion pits and
crevices, then the fracture surface energy for this allo should be low.
YThis is the case. As shown b Kaufman and Hunsicker^C 11) the fracture
surface energy is between 100 and 200 in-lb/in 2 , while that for 2219-T37
is more than 600 in-lb/in 2. Furthermore, because the yield stress of
7075-T6 is approximately 7070 more than that of 2219-T37, while the
moduli of these two materials are virtually the same, the elastic energy
available to form the fracture surface in 7075-T6 is approximately twice
that in 2219-T37. Therefore, it is to be expected that cleavage, once
initiated, will proceed much more easily in 7075-T6 than in 2219-T37.
A consistent interpretation of the sensitivity of 7075- T6 to pre-
corrosion is, therefore, that precorrosion introduces faults which act as
nuclei to initiate cleavage fracture. Once started, these lead almost
immediately to failure. The resistance of the rolling direction to such
failure is then explained by the fact that in this direction grain boundaries
tend to be orientated parallel to the stressing direction and hence are not
oriented for cleavage. The period amounting to about 107 of the normal
time-to-failure that can be interpreted as the time during which true stress
corrosion occurs, is probably associated with the time required to form an
atomically sharp crack tip. This may occur through an oxide rupture,
slip-plane extrusion, or other mechanism. Hence, it is this time and the
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processes which occur during it that can be considered as the fundamental
stress corrosion phenomenon is 7075 -T6. This is because during this
period corrosion without stress is not as effective as is corrosion with
stress, in leading to failure. Any previous studies which have not dis-
tinguished between the precorrosion and true stress corrosion processes
must be, therefore, of severely limited value in determining the funda-
mentals of stress corrosion of this alloy. Since the time period of stress
corrosion has now been isolated, subsequent study will concentrate on
this step in the failure process as well as on the determination of the
essential differences in the processes which occur in 7075-T6 and in
2219 -T37.
It is concluded from the 2219-T37 results that a periodic mechanical-
stress corrosion mechanism, as distinguished from a periodic electro-
chemical-mechanical mechanism, operates. The principle difference between
this case and that of 7075-T6 is that once a mechanical cleavage crack has
started in 2219-T37, it can be stopped subsequently at the junction of one
grain boundary with another, whereas stoppage of the crack does not occur
for 7075-T6. There is a higher probability in 2219-T37 than in 7075-T6
that a crack advancing perpendicularly to the short transverse direction
will meet a grain boundary parallel to this direction and hence normal to
the crack plane. Since the grain boundary cleavage energy of 2219-T37
is higher than that for 7075-T6, while at the same time the elastic energy
available for crack propagation is less, it is possible to stop the crack.
In 7075-T6 the driving force for crack propagation is sufficiently high
that cleavage can pass from one plane (grain boundary) to another without
the necessity for additional corrosion.
This section of the program will be directed during the next quarter
to the investigation of the critical stage of "true" stress corrosion in
7075-T6 as it has been isolated by the precorrosion susceptibility index
(PSI) test. The details of the marke i differences which exist between the
behavior of 2219-T37 and 7075-T6 will also be considered. In addition,
both precorrosion susceptibility and stress corrosion tests will be made
using the pure alloys Al-7. 5 Zn-2.4 Mg and Al-4 Cu. These latter tests
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rwill be undertaken with the aim of determining what atomistic mechanism
(e. g. oxide rupture, ductile; tearing of the denuded zone or slip band
extrusion) operates to give the stress corrosion effect.
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SECTION D
NONDESTRUCTIVE T STING TECHNIgUES FOR THE
DETECTION OF SURFACE FLAWS
I. INTRODUCTION
As indicated in previous quarterlies, the results of SCC investigation
have demonstrated the feasibility of using both ultrasonics (Rayleigh surface
waves) and surface conductivity (eddy currents) for the detection of SCC in
Al 7075 (T651). However, ultrasonics were finally selected for further
investigation and the work reported in the last quarterly was performed ex-
clusively with Rayleigh waves. During this report period also, all the work
was with Rayleigh waves.
The work described in this section is divided into two parts: The
first deals with the SCC investigation and includes the stress -calibration of
U-bend specimens, determination of SCC life, Rayleigh wave attenuation
associated with plain corrosion, and SCC tests performed at stress levels
equal to 60% and 907 of the yield strength. The detection of SCC in fabricated
- .	 parts by surface waves is also discussed. The second part is concerned
with artificial flaws and concludes the investigation of the effect of simulated
defects on Rayleigh waves. This part includes the effects of surface attenuation,
depth of artificial flaws, cylindrical holes with axes perpendicular to the
surface, subsurface defects, and edge angles.
I1. SCC INVESTIGATION
A. General
To investigate the effect of SCC, U-bend specimens are corroded
galvanostaticaily at different levels of stress, current density, and time of
exposure. 'The last two parameters can be combined to obt; in the total
charge producing the corrosion (coulombs/cm 2 ). For this purpose a con-
stant rectangular area (3. 5 cm 2) on the outside surface of the sample at
the bend is exposed to a corrosive environment of 1 N NaCl plus 0.05
acetate buffer (pH 4. 7). The test procedure and methods for measuring
SCC damage ultrasonically have been described in previous reports. The
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frequency for ultrasonic measurements was 4 MHz, as before.
During this quarter an attempt was made to reduce the variability
of the SCC data. The conditions under which the corrosion was carried
out were more carefully controlled. This included bubbling nitrogen through
the NaCl solution to remove any dissolved oxygen, stirring the solution, and
carrying out the experiment in nitrogen atmosphere. The stress levels used
in this quarter were 68, 000 psi or 907 of the 0. 27 offset yield strength
(75, 000 psi) and 45, 000 psi or 607 of the yield strength. Some of the U-bend
specimens were exposed to the corrosive environment for only a fraction
of their SCC life, some were exposed until fracture, and others were corroded
in the absence of any external stresses.
During this quarter a new fixed position probe assembly was developed
and is used especially when very small changes in attenuation are to be
observed. This assembly consists of a jig which can be clamped rigidly
to the U-bend samples. The ultrasonic probe is coupled to the surface of
the sample using a thin layer of a coupling medium (rubber cement) and is
held rigidly in position by the adjusting screws of the jig. This assembly
ensures no linear or rotational displacement of the probe during the ex-
periments, and thus, successive oscillograms can be taken with the exact
same probe position. This is essential in observing echo changes and
comparing successive oscillograms since a slight probe displacement will
alter the echoes and result in erroneous readings. An idea of the rotational
sensitivity of the probe can be obtained by examining Fig. D. 7 of the last
quarterly which illustrates the effect of reflector orientation on Rayleigh
waves. It can be seen from that figure that the echo amplitude decreases
to half its initial value at an angle of only 3°.
If the position of the probe is changed during the experiment, or if
the probe is removed and then replaced, the earliest detection of SCC damage
is changed slightly both in the leaded and unloaded states. This is because
any change in the oscillogram might not be distinguished from small changes
in the coupling. In the early stages of SCC one of the first ultrasonic in-
dications is an echo comparable in amplitude to reflections from grain
boundaries. The appearance of these reflections is strongly dependent on
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the position of the probe. To be detectable, the reflection from the SCC
must be larger then that of the grain boundaries.
In the experiments conducted thus far in this program, the ultrasonic
probe was as accurately repositioned on the U-bend specimen as could be
done using special  markings . However, the echoes involved in the determin-
ation of the earliest detection of SCC damage were considerably higher than
the base line noise and also the echoes from the grain boundaries; thus the
positioning of the probe was accurate enough for the measurements. In
some later experiments attempts will be made to detect SCC damage earlier
and the new fixed position probe assembly will be used because the crucial
echoes will be much smaller. Thi new assembly was used to monitor the
general galvanic corrosion (GGC) damage (U-bend specimen no. 12B). In
the following sections the detailed investigations with the U--bend specimens
are described.
B. Stress Calibrat ion of U-Bend Tensile Specimens
A new series of machined U-bend specimens were mad_ and a new
stress-calibration curve was prepared. As stated previously the stress in
the outer fiber on the bend of the U-bend sampled was calculated from the
formula
3 LP
^m - 2 Wrl 2
	
(1)
where a
m is the maximum stress; P is the applied load; and L, W, and 2d
are the length, width, and thickness of the U-bend samples, respectively.
Values of the stress were found by elestically deforming the U-bend specimen
using known loads and measuring the resulting deflection of the legs.
The results, along with the experimental procedure, are shown in
Fig. D. 1. The abscissa of this plot is the change in D (separation between
the legs of the U-bend sample) and is given in terms of absolute units (mils)
and also as a percentage of the original separation D corresponding to zero
load. The ordinate is given in terms of applied load, stress in the outer
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fiber, and percent of yield strength. 75, 000 psi was used as the yield
strength of Al 7075 (T651). In the same FigUre the stress calibration
curve for a U-bend specimen of series A is also included. Both calibrations
are straight lines, but they do not coincide even though both c-Ties of U-bend
specimens, A and B, were supposedly identical. For instance, the deflection
corresponding to 9097 of the yield strength for a U-bend specimen from series
A is 505 mils and from series B is 533 mils. Any stress variation irom
sample to satriple at this high stress level would affect the time-to-failure
drastically. Later tests were carried out at 60J of the yield strength in
the hope of reducing the effect of this variability.
In calculating stresses, the yield strength of the different series of
U-bend specimens was assumed constant and equal to 75, 000 psi. Also, the
samples were assumed to be free of internal stresses, Examination of
equation (1) indicates that any variations in the thickness of the U-bend
samples will alter the stress quadratically. For this purpose, the thickness
of the U-bend specimens was measured, and any variations in the nominal
stresses due to thickness variations were calculated.
To investigate any possible deformation hysteresis caused by stressing
the U- bend samples to the vicinity of 90J of the yield strength, the data for
the stress -calibration curve were plotted as shown in Fig. D. 2. One set
of points in this graph corresponds to the deflection of the legs of the U-bend
sample when the load was increasing and the other when the load was decreasing.
The plot is a straight line, indicating that the U-bend specimen returns to its
original dimensions with no elastic energy trapped.
C. Determination of SCC Life
In order to express the detectability of SCC damage, as a traction SCC
life, U-bend specimens were exposed to the corresive environment until
fracture; the relationship between current density and total charge for failure
was determined. In the hope of minimizing experimental variability, the
conditions under which the corrosion was carried out were much more carefully
controlled. The SCC cell was placed in a plastic bag under a nitrogen
atmosphere. In order to remove any dissolved oxygen nitrogen was
bubbled through the NaCl solution before and during the actual corrosion. The
- 100-
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Fig. D. 2 Stress-calibration curve for U-bend specimens, indicating no
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solution was stirred. The countEr electrode was changed to a platinum
it	 wire in the form of a ring at the bottom of the cell. This helps to insurea symmetrical current distribution in the cell.
The detailed results of the L ests of the U - bend specimens used for
this investigation are given in Table I. Figure D. 3 illustrates the results
graphically. For this study the stress was 90% of the yield strength.
Figure D. 3 is a plot of corrosion charge per unit area (coulomb^,/ cin2)
as ordinate vs. the current density (ma/cm2)as abscissa. In the same
figure, the results of similar tests reported previously are included for
comparison. These data, however, were obtained without the nitrogen
atmosphere and stirring of the SCC cell.
'The data were approximated by a straight line, and the graph
possibly indicates that it takes more corrosion for the U-bend specimens
to fracture in the nitrogen atmosphere and stirred cell than in the open
cell. The tests described in the following sections were performed at a
current density of about 0.53 ma/ cm2 where the average value of the
SCC ,life at this current density is 1.6 coulombs/ cm 2 . This value is
slighly less than the corresponding point on the straight line (2.0
coulombs/ cm2) in Fig. D. 3 but is in best agreement with the particular
data at that current density.
D. General Galvanic Corrosion (GGC) Tests
Several U-bend specimens were used to investigate the general
nature of corrosion in the absence of external stresses in order to
differentiate between SCC and plain corrosion effects. For this purpose
U-bend specimen no. 12B was exposed to the corrosive environment at
a current density of 0. 56 ma/ cm  for successive intervals of 10 min,
30 min, 1. 5 h, 4.5 h, 6.5 h, and 9.5 h giving a total charge of 0. 34,
1, 3, 9, 13, and 19 coulombs/ cm 2 respectively. The results of ultrasonic
measurements are plotted in Fig. D. 4. 'This figure is a graph of the GGC
damage measured by ultrasonic attenuation and reflections against the
nt;,Amber of coulombs/ cm  that were passed. The attenuation is measured
in loss per unit distance (db/ cm) rather than in teams of a round trip loss
102 -
TABLE l
SCC Tests of U-Bend Specimens [ Gal.vanostatically]
U - Bend	 Time-
Specimen	 Current
	
Exposure	 to-	 Coulombs	 Remarks
No.	 Density
	
Time	 Failure passed
ma/ cm^— min	 min coul/ cm
15 A 1.460 86 7.55 These U-bend
16 A 0.515 43 1.33 specimens were
us ed for the
17 A 1.460 88 7.70 determination of
18 A 2.430 70 10.20 SCC life at 68, 000psi, i.e. 90J of
19 A 4.600 58 16.00 the yield strength.
20 A 0.258 200 3.10
21 A 0.150 62 0.56
' 22 A 0.515 22 0.680 These U.-bend
5 B 0.535 25 0.800 specimens wereused for the SCC
6 B 0.515 6 0.185 investigation at
68, 000 psi,	 i. e.
9097 of the yield
strength.
2 B 0.530 30 0.955 These U-bend
10 B 0.515 15 0.463 specimens wereused for the SCC
15 B 0.540 7.5 0.243 investigation at
16 B 0.515 60 1.810 45, 000 psi,	 i. e.60	 of the yield
17 B 0.515 ? . 5 hrs 13-900 strength.
Note: The area of the U-bendsp y ,.- ; ^t„x k,`> o,-',},posed to the corrosive
environment at the bead Nva, ;
- 103 -
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S1	 2	 3	 4	 5
Determination of SCC life. Graph indicates the number
of coulombs/cm 2 required for fracture of U-bend specimens
as a function of current density.
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or a round trip loss per unit distance as is sometimes done. This is
the more conventional method of reporting ultrasonic losses and allows
comparison by other workers. The same figure also includes the results
from plain corrosion tests (U-bend specimen no. 6A) reported in the last
quarterly, which were obtained without the nitrogen atmosphere and stirring
the SCC cell.
The data from U-bend specimen no. 12B were obtained with the new
fixed position probe assembly, as described in part 11-A. Because of its
accuracy very short exposures could be monitored. The three possible
ultrasonic measures of SCC damage (a), (b), and (c) described in the last
quarterly are schematically illustrated in Fig. D. 5 The pure corrosion
damage was first evaluated using method (a). This method, which uses the
difference in relative amplitude between the two reference echoes, gave con-
sistent results but was not applicable beyond an exposure of 6. 5 hours or
13 coulombs/ cm  because the second reference echo was completely
attenuated. Method (b), also described in the last quarterly, was used.
This method, which measures the relative amplitude of echoes originating
from the area to be corroded, gave an initial sharp slope which tapered off
after an exposure of 4. 5 hours or 9 coulombs/ cm 2 . This was due to the
fact that at long exposures the number of echoes originating from deep
pits on the corroded area increases but their relative amplitude saturates.
The data obtained from pure corrosion tests (U-bend specimen
no. 6A), during the last quarter are included in Fig. D.4. They agree
well with present data considering the fact that the two sets of data were
obtained with two different probe assemblies and different SCC cells. Of
course, the results are comparable only for small exposures because
U-bend specimen no. 6A was corroded only for a fraction of the exposure
of sample 12B. As a further check on the measurements, data were obtained
with the probe placed on the opposite leg of U-bend sample no. 12B, so
that the Rayleigh waves entered the corroded area from the opposite side
and followed the reverse path. These data were also consistent with the
previous results.
,,.
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The ultrasonic examination of U-bend specimen No. 12B is shown
in Figs. D.6. Figure D.6 (a) shows the reference oscillogram; Figs.
D. 6(a) parts (b) and (c), obtained after an exposure of 10 and 30 minutes or
a total charge of 0. 34 and 1.0 coul/ cm 2 respectively, do not reveal any
major echo changes. In part (d) of the same figure, obtained after an ex-
posure of 1. 5 hours or a total charge of 3 coul/cm2 , a small but definite
echo appeared, originating from the corroded area. The echo from the
second reference groove was slightly attenuated. It seems that after
this amount of corrosion, the pits became large enough to reflect the
Rayleigh waves.
Parts (a) and (b) of Fig. D. 6 (b), which is a continuation of
Fig. D. 6 (a), obtained after an exposure of 4. 5 and 6. 5 hours or a total
charge of 9 and 13 coul/ cm2 respectively, show several big echoes
originating from the corroded area. "The echoes from the second reference
grooves were then greatly attenuated. Part (c) of the same figure is the
oscillogram that was obtained after the finalecposure of 9. 5 hours or a
total charge of 19 coul/ cm2.. Again, several big echoes originating from
the corroded area are seen, but now the echo from the second reference
groove is totally attenuated.
Figure D. 7 is a photomicrograph taken after a total exposure of
9.5 hours or 19 coulombs/ cm2 and indicates the surface condition on
the corroded area. The dark areas are deep pits which caused the echoes
on the oscillograms and totally attenuated the echo from the second reference
groove.
E. SCC Tests at 907 of the Yield Strength
For these tests the U-bend specimens were exposed to the corrosive
environment for a known fraction of their SCC life and the results were used
to determine the earliest time that SCC damage could be detected in the
"loaded" and "!unloaded" states. 'The detailed data for these tests are given
in Table I '(page 103), and the quantitatively analyzed results are plotted
in Fig. D. 8. In the same figure the results reported in the last quarterly,
which were obtained without the nitrogen atmosphere and stirred SCC cell,
are also included for comparison.
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(^ I )	 (b)
(d)
Fig. D. 6(a) Oscillegrams illustrating the effect of GGC; at 0. 56 ma/cm2
(a) Reference oscillogram
(b) After 10 minutes or 0. 34 Coulombs/C1112
(c) Aft , ,^ r 30 minute, -)r 1. coulombs/cm2
(d) After 1. 5 hours or 3. Coulombs/cm2
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Fig. D. 6(b)	 Oscillograms illustrating the effect of GGC at 0. 56 ma/cm2
(e) After 4. 5 hours or 9 coulombs/cm2
(f) After 6. 5 hours or 13 coulombs/cm2
(g) After 9. 5 hours or 19 coulombs/cm2
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Fig. D. 7	 Photomicrograph of a typical region oil the surface of a
U-bend speci111e1l illustrating; the effect of GGC after
an exposure to thecZorrosivc enviroitTient of 9. 5 hours
M- 19 coulon1bs/cm at 0. 56 ma/cn^ .
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The ordinate of Fig. D. 8 is the SCC damage determined ultrasonically
by method (a), discussed earlier in part II-C), and is expressed as a change
of echo amplitude and of normalized echo amplitude. The abscissa of this
plot is expressed in coulombs/cm 2 and in exposure time; the current density
was constant (about 0. 52 ma/cm 2 ). This graph illustrates the effect of
SCC damage in both the loaded and unloaded states. In the unloaded state it
was not necessary to differentiate between just relaxed and well relaxed
conditions, because the ultrasonically measured difference was of the order
of one, decibel which is the experimental error. No attenuation data could be
obtained for the point at 0. 8 coulomb/cm 2 because the very high attenuation
did not allow the echo from the second reference groove to be detected.
'Tile same graph a' ,>o includes the results of the GGC tests for which
the current density was the same. It is an e-Vansion of the lower left hand
corner of Fig. D.4. To check the data, the probe was placed on the opposite
leg of some of the U-bend specimens so that the Rayleigh waves entered
the corroded area from the opposite side. All the data were consistent with
differences of the order of one decibel. Some of the data used for Fig. D. 8
are averages.
'The results for the three sets of data are all straight lines within
experimental error and indicate a linear increase of SCC damage with in-
creasing exposure, as evidenced ultrasonically. The ultrasonic sensitivity
is much greater for the loaded state (approximately by a factor of 5) and
thus can detect damage earlier. The line for the GGC data has a much
smaller slope. The ratios of slopes for loaded SCC, unloaded SCC, and
GGC are 23:4:1, respectively. All three lines have a nonzero intercept
and tend to converge to the same value of 0.2 coulombs/ cm2 . The distance
between 0 and 0.2 coulombs/cm 2 , indicated in the graph by the dashed line,
can then be interpreted as an incubation period. This is verified by the
fact that the data obtained after 0. 185 coulombs / cm 2 exposure showed no
attenuation. If 1.6 coulombs/ cm2 (as reported in part II -C) is used as
the value for the SCC life at this current density (0. 52 ma/cm 2), then
from the data of Fig. D. 8, SCC damage can be detected at 18% of the SCC
life for both the loaded and unloaded states. Extrapolating from the same
figure the threshold level for SCC damage as detected ultrasonically
(incubation period) seems to be about 1370 of the SCC life.
As a further check on the results the data were also analyzed by
methods (b), (see part II-D) and method (c). The latter is the sum of all
relative echo heights in the corroded area. The results are shown in
Fig. D. 9, along with data from GGC tests. The data from the SCC tests
were approximated by straight lines and indicate again a linear increase
of SCC damage with increasing exposure. It also appears that method
(c)—analysis for the SCC loaded state--has a higher sensitivity than method
(b)--,analysis for the same state. The phantom line on the graph (Fig. D. 9)
is for the SCC loaded state as analyzed by method (a), and it is slightly
higher than the method (c) analysis for the loaded state. The line for the
GGC data, method (b), has a much smaller slope but is exactly the same
as that determined by method (a) shown in Fig. D. B. Again all three lines
have a nonzero intercept and tend to converge to the same value of 0.2
coulombs/cm 2 , as in Fig. D. 8, indicating an indubation period given by
a dashed line.
F. SCC Tests at 6097, of the Yield Strength
The SCC investigations described in the previous parts were per-
formed at a stress level of 90,07, of the yield strength. However, at this
high stress level any stress variation will drastically affect the time-to-
failure. In an attempt to reduce this variability, tests were carried out
with a stress level of 607 of the yield strength. The detailed data of the
tests are given in Table I (page 103), and the quantitatively analyzed
results are shown in Fig. D. 10.
The oscillograms for the 6070 yield strength tests were similar
to those of the 9070 yield strength tests. They are shown in Figs. D. 11
and D. 12. The three oscillograms of Fig. D. 11 (U-bend specimen
no. 10B) correspond to (a) reference state, (b) loaded state after an ex-
posure of 0. 46 coulombs/cm 2 , and (c) unloaded state. The effect of this
short exposure is readily seen in Fig. D. 11 (b) where a number of echoes
are present from the corroded area and the echo from the second reference
- 114 -
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Fig. D. 1 1	 Oscillograms illustrating the effeq of SCC at 607 of
the yield strength and 0. 52 ma/cm .
(a) Reference oscillogram.
(b) After 0. 463 coulombs/cm 2 lead passed in the
loaded state.
(c) After 0. 463 coulombs/cm 2 had passed in the
Unloaded state.
•(a)	 (b)
(C)
Fig;. D. 12
	
Oscillog;rams illustrating; the effec;of SCC at 60f of
the yield strength and 0. 52 ma/cm-.
(a) Reference oscillog;ram.
(h) After. 1. 86 coulombs/cm 2 had Massed in the
loaded state.
(c) After L 86 coulombs/cm 2 had passed in the
unloaded state.
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groove is definitely attenuated. When the stress is released, however,
Fig. D. 11 (c) indicates only a small echo present in the corroded area
and a s light reduction in amplitude of the second reference echo. Another
series of oscillograms for U-bend 16A (Fig. D. 12) illustrate: the behavior
for a longer exposure tine. l- ere after an e;xpose ure to 1. 86 coulombs/cm2
(Fig. D. 12 (b) ) the complete attenuation of the second reference echo is
evident and also shows echoes in the corroded area. Even after the release
of the stress, an appreciable attenuation of the second reference echo is
noted as well defiv(,,d echoes from the corroded region (Fig. D. 12 (c) ).
Some of the U -bend specimens used in the 60% yield strength
investigation were microscopically examined, and the results are shown
in Fig. D. 13 and D. 14. The photomicrographs of Fig. D. 13 indicate the
nature and size of microcracks on the corroded area of U-bend no. 10B
after an a xposure to 0. 46 coulombs/ cm l . These photomicrographs were
obtained in the well relaxed unloaded state. Part (a) of this figure indicates
the approximate position where the ultrasonic beam entered the corroded
area and illustrates the surface condition of the exposed and unexposed
areas. Photomi(,rograph (b) shows the surface condition well inside the
corroded .area. Figure D. 14 is a photomicrograph indicating the nature
and size of microcracks and the surf",6ce condition of U .-bend specimen
no. 2B which was exposed to 0. 95 coulombs/ cm 2 . These photomicrographs
are simil , i.r to those for the 90% yield strength samples reported in the
last quarterly. Theresults are very similar to those for the 90J stress
level tests..
The ordinate of Fig. D. 10 is the attenuation from the SCC damage
as determined ultrasonically be method (a) and the abscissa is the amount
of corrosion, expressed in coulombs/cm 2 or in exposure time. Again
the GGC results are included for comparison. The graph illustrates the
SCC damage in both loaded and unloaded states. The line for the SCC loaded
state has no point beyond 1.86 coulombs/cm 2 because the second reference
echo is totally attenuated. 'The data of Fig. D. 10 are the average between
values obtained with the ultrasonic probe placed on the opposite legs of the
U-bend specimens. The r esuIts can b e approximated reasonably well by
t
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(a)
(h)
Fig. D. 13 Photomicrogi-apps of typical I-Cgions on the surface of
U-bend specimen illustrating; the cffcct of SCC ^^t 60C^
of the yield value and after 0. -163 coulombs/cm MY
k asscd. `l'hcy were ohtained in the wall-relaxed
unloaded" state at 300 X.
(a) Approximate location where the ultrasonic beam
entered the cO^rrodcd area illustrating; the nature
of the houndary hetwec'n the exposed and unexposed
areas.
(h) Location well inside the corroded area.
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Fig. D. 14	 Photomicrograph of typical regions can thc' surface of
U -bei. specimen illustrating the effect of SCC at 60
of the y ield value and after 6. 9,55 Coulombs/cm 2 had
passed.	 It was obtained in the well i faxed
"unloaded" state at 300 X.
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straight lines and again indicate a linear incruaso of SCC, damage with in-
creasing exposure. The ultras(mic senLiaivity is much greater in the loaded
state and damage can then be detected earlier. Again all three lines have
a nonzero intercept with the same value, defining an incubation period of
0. 2. coulombs/cm 2 which is the same as the results for 90rf, yield strength.
Table i (page 103) indicates that U-bend specimen no. 17B fractured
at 13. 9 coulombs/cm 2. This is the only measurement of SCC life for the
60170 yield strength investigation made so far. Clearly, more data are
required to define the life. However, assuming a SCC life in the vicinity
of 14 coulombs /cill 2 the SCC damage in the 6G  yield strength tests is
detected at smaller fraction of the SCC life (370 -loaded) than in the 90970
yield strength tests (18TO-loaded).
Figure D. 15 is a composite graph showing the results of all measure-
ments made on SCC samples loaded at 6WO and 90970 and, also, the GGC
samples. The attenuation per unit distance is plotted as a function of the
amount of corrosion. 'The attenuation is substantially higher in both the
6W. and 90% cases under stress than it is without. The attenuation at
90O is higher th , ,n the 6070, indicating more or deeper cracks.
G. Detection of SCC in Finished Parts
In order to use Rayleigh waves for the detection of SCC, it is
necessary either to observe reflections from the cracks or to measure
thes increase in attenuation. For reflection measurements, a transducer
attached to the surface of the part is all that is necessary. We have found
that commercial "rubber" cement gives a reproducible and high coupling
coefficient. Variations less than one or two db are generally obtained. We
can take advantage of the ability of Rayleigh waves to propagate around
rounded corners to detect cracks over a large area of surface. By making
use of the anisotropy of the reflection from stress corrosion cricks, it is
easily possible to differentiate. between SCC and more general attack or
GGC.
The determination of SCC damage by attenuation is slightly more
complicated, but this method is more sensitive to SCC. As was discussed
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in sections E and F, it is necessary that a known discontinuity be present
to reflect part of the ultrasonic energy back tothe transducer. The re-
flection coefficient of the discontinuity must be known. Several means of
introducing an artificial reflector weave tried, including liquids onthe
surface, a razor blade, and a brass block attached with rubber cement.
Of these, the latter is by far the most reproducible and, also, gives the
largest reflection coefficient. A number of trials indicate that the amplitude
of the return signal is reproducible within two db. With this type of
sensitivity--referring to Fig. D. 15-- -it is possible to detect SCC on one
or two centimeters of materials. Since the surface wave passes over the
corroded region twice, the sensitivity is twice as great. Of course, it
is assumed that the attenuation per unit distance is known for the unaffected
surface.
I11. INVESTIGATION OF SIMULATED DEFECTS WITH SURFACE RAYLEIGH
WAVES
A. General
In the last quarterly the effect of simulated or artificial defects on
surface Rayleigh wave response was described. It was shown that surface
defects along the path of propagation of Rayleigh waves attenuate tl:e main
Rayleigh wave beam. In this study real defects such as cracks and pits
were approximated by isolated artificial defects of known geometry. Cracks
were simulated by grooves, and pits by cylindrical holes with their axes
perpendicular to the surface. The artificial defects were cut on flat surfaces
of Al 7075 (T651) test blocks. The measurement frequency was 4 MHz.
The investigation described in the following paragraphs concludes
the major part of the investigation with artifical defects.
B. Effect of Depth of Artificial Flaws and Penetration of Rayleigh
Waves Below the Surface
In the investigation of SCC, it is necessary to know how deep a flaw
must be before it can be defected. This is determined by investigations with
artificial grooves. Another important parameter to know is how far below
the surface a flaw or defect can be and still be defected. This is important
^a
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Iif only surface defects are to be considered. Artificial grooves are used
since to first order they approximate a crack produced by SCC. Of course,
cracks are produced by SCC are quite irregular, but the general results
are applicable.
The procedure used to investigate the effect of groove depth on
Rayleigh waves and the theoretical analysis of the results were described
in the last quarterly report. The work was concentrated on U-shaped
grooves of varying widths with depths smaller than the Rayleigh wavelength
(27 mils or 0. 7 mm at 4 MHz).
The work described here was done with U-shaped grooves from
a fraction of a wavelength to a number of wavelengths deep. Again the
assumptions were made that the reflectivity of the leading edge of the
grooves and of the corner of the test block was constant. The groove was
parallel to the edge of the test block and perpendicular to the ultrasonic
beam.
The results are shown in Figs,. D. 16 and D. 17. The ordinates of
these plots are the amplitude of the echoes from the grooves and from the
test block corners, expressed in decibels (db), and the normalized echo
amplitudes. 'The abscissas are groove depths expressed in mils, microns
and D/ X, where D is the depth of the groove and X is the Rayleigh wave-
length. Both figures indicate that as the depth of the groove increases,
the echo from the test groove increases and the echo from the edge of
the test block decreases. However, after a depth of the order of a wave-
length, both echoes approach a limiting value. Total reflection is not
observed even for the deepest grooves, which implies that when the groove
is several wavelengths deep, part of the Rayleigh wave beam propagates
around the bottom of the groove. These results are consistent with data
prevented in Fig. D. 4 of the Fourth Quarterly Report. These data are
replotted in Fig. D. 18 of this report. The reflection coefficient, r, of
the grooves is shown as a function of the reciprocal of the depth of the
grooves (Fig. D. 19). The reflected signal is normalized with respect
to the echo from the corner before the test groove was cut. The behavior
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t
is described reasonably well by the expression
r=exp[-aX/D]
where X is the wavelength, D is the depth of the groove, and a is a
parameter that should depend on the exact geometry of the grooves. We
would expect that a is of the order of one or one-half since the energy
density of a Rayleigh wave decreases exponentially from the surface. A
least square fit gives a value of a = 0. 43 + 0.04 which is comparable to
the value of 0. 55 reported in the last quarterly.
In order to obtain data on the effective depth below the surface at
which a defect that does not intercept the surface might be detected, a
groove was cut into the surface of a test block. This groove, about 12
mils wide, was successfully cut, to greater depths, thus approaching the
opposite side of the test block on which the Rayleigh waves propagate.
Figure D. 20 illustrates the reflection from the subsurface groove
and test block edge A as normalized with respect to the reference groove
plotted as a function of the depth of the groove edge below the surface in
mils and units of D/ X. The experimental procedure is also indicated.
This figure shows that as the distance below the surface to the edge of
the groove decreases, the echo from the corner of the test block decreases
and the echo from the groove increases rapidly. A few points were taken
for D greater then 100 mils (not shown in Fig. D. 20), but no effect on
the echo from the edge of the test block could be observed. Reflections
comparable to the levee of the ultrasonic system were obtained from the
subsurface groove when t he distance below the surface to the groove was
slightly over one wavelength (27 mils at 4.0 MHz).
The results were consistent with those found independently by
other experimenters whose work was reported in the literature review
in the Second Quarterly Report (Fig. D. 16). We find that grooves only
a few tenths of a wavelength (100 microns) are readily detectable. Defects
located deeper then 1 to 1 1/ 2 mm were nor d t°stable. This means that
Rayleigh waves are indeed very sensitive, but only to defects within one
wavelength of the surface.
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C. Effects of Cylindrical Holes
The first order approximation to pits are cylindrical holes. By
studying reflections from holes an estimate of the limit of detectability
of pits such as produced by GGC can be obtained. To investigate the
effect of simulated cylindrical defects with axes perpendicular to the
surface on Rayleigh waves, holes were cut on flat surfaces of test blocks.
In this investigation corrections tot he amplitudes of echoes due to the
change in path length caused by the increasing hole diameters were not
made since they were so small.
Figure D. 21 is a plot of Rayleigh wave response as a function of
diameter of a V -bottomed hole with constant depth. The same figure
also includes the experimental procedure and a typical test oscillogram.
The ordinate is the amplitude of the echoes normalized with respect to
the reflection from the edge of the test block (A -H), and the abscissa is
the diameter of the hole expressed in mils and units o,`D/,X. The graph
indicates that as the diameter of the hole increases, the amplitude of
the echo also increases up to a diameter of about 175 mils or 7 wavelengths,
after which it apparently becomes constant. The echo from the edge of
the test block decreases, becoming c onstant for diameters greater than
175 mils.
To investigate the effect of a flat-bottomed hole on the Rayleigh
waves as the probe moves parallel to the edge of a test block behind
the hole, the experimental procedure indicated in Fig. D. 22 was used.
The results are shown in the same figure. The depth of the hole was
3/ 16 it. I .ks the probe approaches the hole, the echo from the hole increases
and that from the edge of the test block decreases. However, even when
the center of the Rayleigh wave beam has completely passed the hole,
there is a small echo present which is due to the spreading of the ultrasonic
beam.
To investigate the effect of a variable hole diameter and probe
position, a series of holes of constant depth (1/ 8" deep and V -bottomed)
were drilled in order of increasing diameter and parallel to the corner
of the test block. 'The probe was then moved parallel to the edge of the
F.
(a) Experimcnvil procedure10
Rayleigh wave
probe	 Direction of propagation of Itaylel FTh waves
I
'1
	
-e4D	 edge A
/Cylindrica,7kT 169
—3/Test block	 hole	 --T I
(b) Teat oscillogram
A: echo from edgeA	 A-H
H: echo from cylindrical hole 	 A
	11 	 A
	
2	 4	 6	 8	 10
D/X (X Rayleigh wavelength)
-5
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—0.
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•0
W	 U
E	 Cd
M	 E .0.
	
-20	 0
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V	 I	 I
0	 50	 100	 150	 200	 25-
Fig. D. 21	 Effect of cylindrical holes with axes perpendicular to the
surface on Rayleigh wave response as a function of hole
diameter. The experimental procedure is also shown.
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test block. The results and experimental details are shown in Fig. D. 23.
The amplitude of the echo from the holes and from the edge of the test
block with respect to a reference groove is plot .,ed as ,a function of the
position of the probe. With the help of Fig. D. 21 and D. 22 an oscillating
curve was drawn to fit the data. The values of the maxima of the oscillations,
which occur when the ultrasonic beam is perpendicular to the center of
holes of constant depth, increase with increasing hole diameter. The
minima of the oscillations occurred when the ultrasonic beam passed
between the holes and was reflected from the edge of the test block. The
small echoes present in between the holes are due to the spreading of the
ultrasonic beam.
In the study of the different effects shown in Figs. D. 21, D. 22,
and D. 23, the depth of the holes was constant. The next investigation
was the effect of the depth of the hole. A 1/ 8" diameter, flat-bottomed
hole was cut on a flat surface of a test block to increasing depths and
the Rayleigh wave response was measured. The results and experimental
procedure are shown in Fig. D. 24. The amplitude of the echoes from the
hole and from the edge of the test block, normalized with respect to a
reference groove and expressed in decibels, are plotted vs. the depth
of the hole in mils and in units of D/ X. The results indicate that up to
40 mils or 1. 5 wavelengths the echoes from the hole rapidly increase
with increasing hole depths, while the echo from the edge decreases.
Deeper than 40 mils, both echoes remain roughly constant.
Again, as in the case with artificial grooves, holes were
detectable when their dimensions became the order of a few tenths of
one wavelength. The response saturates when holes with sizes larger
then several wavelengths are used.
D, 
-
Effect of Edge Angle
When making measurements on fabricated parts, it is important
that we know not only from what type of defect reflections are generated,
but also what "defects" or "discontinuties" will have little or no effect.
A corner or an edge is one such discontinuity that can propagate Rayleigh
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Fig. D. 23 Effect of cylindrical holes with axes perpendic ular to
the surface on Rayleigh waves as the probe moves
parallel to the straight line joining the centers of the
holes. The experimental procedure is also shown.
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waves to some extent, especially if it is rounded. In field testing it
will be very useful to be able to propagate around corners. For this
reason, various angles of sharp edges were investigated.
One of the characteristic properties of Rayleigh waves is that
they can be reflected from sharp edges, but if the edges are rounded
they propagate over them with no reflection. In order to obtain data
on this phenomenon, the reflections from various edge angles were
obtained. The experimental procedure is illustrated in Fig. D. 25
along with the results. The ordinate of this plot is the echo amplitude
from the edge in decibels and the abscissa is the angle of the corner
in degrees. The data were determined in two stages. The first set
was obtained when the probe was placed on side A of the test block
(Fig. D. 25). The data were plotted as function of angle 0. The second
set was obtained for the probe placed on the opposite side (B) of the
test block and data were plotted as a function of angle e2 after com-
pensating for the different attenuations due to different path lengths.
The distance the Rayleigh waves have to travel from the probe
to the edge (designated by D in Fig. D. 25) on side B of the test block is
a variable and decreases with increasing angle. The corresponding
distance on side A of the test block, however, was constant and no com-
pensation is necessary. The dashed lines on the test block in Fig. D. 25
indicate the successive amount of mater a removed by machining to
create the various test angles. For every machining, two new angles
0 1 and 02 were generated and oscillograms were obtained for the two
sides of the test block.
Analysis of the second set of data (angle 0 2) indicated that the
greater the angle between two planes, the smaller the reflection coefficient.
Of course, in the limiting case of 180° (i. e., when the two planes become
one), there is no reflection at all. Analysis of the first set of data
(angle 0 1 ), however, showed considerable scatter which would occur if
the reflection coefficent oscillates as a function of angle when 0 lies
between O° and 90°. When these results were compared with similar
- 138 -
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data obtained by others, the results agree very well. This can be seen by
examining Figs. D. 5 and D. 14 of our Second Quarterly Report. The data
for various values of © 1 is quite consistent with the oscillatory nature of
Fig. D. 5 of that quarterly.
These investigations were made on "sharp"edges. Only by using
angles near 180° do sharp edges have little effect. Of course, by rounding
them the reflection coefficient may be drastically reduced.
E. Dependence of Attenuation on Surfac e Condition
One of the most important parameters in ultrasonic testing is the
attenuation of the Rayleigh wave as it propagates over the surface. The
attenuation in general is caused either by the divergence of the ultrasonic
beam or by the interaction the wave undergoes as it propagates through or
over the medium. The initial attenuation measurements were performed
in the long transverse direction and were reported in the Annual Summary
Report. 'These measurements included data on surface finish ranging
from that produced by no. 240 grit silicon carbide paper to that produced
by no. 2 polishing alumina (aluminum oxide-particle size 0. 3 microns)
over a maximum distance of 10".
The results reported here were obtained in both the long transverse
and the rolling directions and include rougher finishes and painted surfaces
over distances ranging from 0 to 22". The investigation of Al 2219-T37
(susceptible temper) was begun by making attenuation measurements. If
the surface finish of parts to be tested is unknown or rougher than surface
conditions investigated here, an attenuation curve can readily be obtained
before actual testing begins.
The relationship between the various types of abrasive grits
and polishing compounds and the average depth of scratch (rms roughness)
is given in Fig. D. 26. The rms roughness is a measure of surface con-
dition and is the root mean square height of all peaks and valleys. A
surface having a finish designated "as rolled" ::)r "as received" in these
measurements is the surface condition of the received aluminum plates.
The graphs reported in this section are plots of the relative amplitude
of the echoes of the Rayleigh waves as reflected from the edge of the test
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plates as a function of distance from the probe to the edge of the test
block with the surface finish as a parameter. The relative amplitudes
are the ordinates and are given in db as normalized with respect to the
echo from the edge of the block. The probe-to-edge distances in inches
are the abscissas.
Figure D. 27 shows measurements in the long transverse direction
for surface finishes produced by paper ranging from no. 36 to no 180
grit for the "as rolled" or "as received" finish, and for painted surfaces.
The Rayleigh waves propagated parallel to the scratchs produced by the
abrasive paper. The painted surface was produced by spray-painting
320 grit finished surface with glossy white enamel (no. 1501 Krylon).
'The average thickness of the coating was 2 mils. In Fig. D. 27 the
amplitude of the echo is plotted as the probe is moved away from the
edge.
The data shows some scatter but can be approximated by a straight
line. The data for the painted surface is somewhat more consistent
From the slope of the line the absolute value of attenuation per unit distance
was found to be 0.61 db/ inch or 0.24 db/ cm and is independent of the
surface finish. This value of attenuation may be compared with results
reported in the Annual Summary Report. The data obtained there included
surface finished ranging from that produced by paper with grits from
no. 240 to highly polished surfaces. From the slope of the curve the
attenuation was calculated to be 0.62 db/ inch in excellent agreement with
work this quarter. The slightly surprising result is that the attenuation
in the long transverse direction is independent of the surface finish for
roughness up to that produced by no. 36 grit for propagation parallel to
the scratches. The data for the painted surface are also linear giving an
attenuation of 1. 13 db/ in or 0. 45 db/ cm which is twice the value for bare
surfaces of different finishes.
Figure D. 28 shows the results of measurements made in the rolling
direction with surface finishes produced by no. 36 to no. 320 grit paper
and "as rolled" or "as received" finished. The attenuation in this case
is somewhat lower with a value of 0. 39 db/ in. Comparing this value with
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that for the long transverse direction, we see that there is less attenuation
AWL	 of the Rayleigh surface waves in the rolling direction.
In the foregoing tests the direction of propagation of Rayleigh waves g	  p
was parallel to the direction toward which the abrasive paper was moved
to produce the surface finish. The data described in this paragraph were
obtained when the direction of propagation of Rayleigh waves was per-
pendicular to the scratch direction or to the lay of the surface finish.
Results are presented in Figs. D. 29 and D. 30. The graph of Fig. D. 29
is an attenuation cura re obtained in the rolling direction for finishes pro-
duced by no. 36 and no. 80-grit. The data are q •.;ite consistent and give
attenuation of 0. 80 db/ in or 0.3 db/ cm. This is double the attenuation
(0. 4 db/ in) when the direction of propagation was parallel to the lay of
the surface finish for the same grit number and direction. In addition to
the increase in attenuation, small echoes larger than the base line noise
were observed in the oscilloscope, apparently originating from the inter-
action of Rayleigh waves with the minute scratches on the surface finish
(Fig. D. 30). Figure D. 30 (a) is the oscillogram for a low gain setting of
the scope and shows the amplitude of these echoes compared to the big
echo (on the right hand side of the oscillogram) produced by the reflection
from the edge of the test block. Figure D. 30 (b) is the same configuration
as (a) but with the gain increased by 20 db. It shows details of the small
echoes. Figure D. 30 (c) is the same as (b) but the direction of propagation
of Rayleigh waves was along the lay of the surface finish. Comparison
of Figs. 30 (b) and (c) shows the difference in attenuation when the waves
travel parallel and perpendicular to the lay of the same surface. The
surface finish involved in parts (a), (b), and (c) was produced by no. 36
grit paper (average depth of scratch about 3. 1 microns). For further com-
parison, an oscillogram (Fig. D. 30 (d)) was obtained where the test
conditions were identical to the others except the surface finish was pro-
duced by no. 320 grit paper (average depth of scratch about 0. 8 microns).
A considerable decrease of the small echoes is evident. These con-
siderations could become crucial in the interpretation of small echoes
relating to the detection of stress corrosion or other minute cracks.
f
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i(a)	 (b)
(c)	 (d)
Fig. D. 30	 Oscillograms indicating the effect of the direction of the
surface finish lay oil 	 Rayleigh waves.
(i) Direction of propagation of Rayleigh waves
perpendicular to the 1 :y of a surface finish
produced by No. 36 grit abrasive paper at
low gain setting.
(b)	 Same as (a) but with a gain increase of 20 decibels.
(c)	 Same as (b) but with the direction of propagation of
Rayleigh waves parallel to the lay of the surface finish.
IL	 (d) Same as (c) but the surface finish was produced by aNo. 320 grit abrasive paper.
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Surface attenuation investigations of the A1-2219-T37 was made on
the long transverse direction for two surface finishes. One set of data was
obtained for the "as rolled" or "as received" state and the other for a
surface finish produced by no. 320 grit paper. The results are shown in
Fig. D. 31 and give an attenuation of 0. 53 db/ in or 0. 21 db/ cm for both
surface finishes. The value is fairly close to that obtained for the
A1-7075-T6 (0.62 db/ in). The measurements were made parallel to the
finishing direction or lay of the surface finish.
Several important conclusions may be drawn from the work in this
section. The surface finish has a remarkably small effect on the attenuation
especially if the direction of finish is parallel to the propagation direction.
Even with a very rough grit (no. 36), attenuations of only 0.3 db/ cm were
obtained. This is small compared with that produced by SCC; (see Fig. D. 11
for typical SCC attenuation data). The painted surfaces used here in-
troduced an increase in attenuation of approximately two; still this is
fairly small when compared with SCC. To summarize, we can say that
for most reasonably finished surfaces the exact character will not be
too important in observing SCC effects.
IV. SUMMA R Y
Investigations of SCC using ultrasonic surface waves have been
made on U-bend specimens stressed to 90% and 60% of their yield strengths.
In both cases an increase in attenuation due to microcracks was observed
after an incubation period corresponding to approximately 0. 2 coul/cm2.
A current of 0. 52 ma/ cm  was used in all the tests. For equal amounts
of corrosion, the attenuation was largest for the sample stressed to 90%, ,
probably because of the more rapid development of the microcracks. The
attenuation in both the 90% and 60% cases, while still under stress, is
approximately a factor of five higher then when the stress is released.
Even when the U-bend is not under stress, the attenuation is substantially
higher then than produced on samples subjected to general galvanic
corrosion.
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The SCC life of U -bends stressed to 90 0 of their yield strength
has been made as a function of . u,. rent density. Only one measurement
has been made on the life of U-bends stressed to 6097, giving a tentative
lifetime approximately ten times longer then the 9070 specimens.
Measurements made on grooves and holes indicate that it should
be possible to detect cracks 25 microns or so deep. In general for most
defects of any ,shape, we can say that if any dimension is of the order of
a few tenths of a wavelength, reflections are readily visible along with
a ► , effective increase in attenuation. Defects located deeper below the
jurface than one wavelength are not detectable. The most general con-
clusion that can be drawn is that Rayleigh waves are very sensitive to
defects, but only in surface layers not more then one or two wavelengths
thick.
Some preliminary work on techniques of detecting SCC in finished
parts has been done. By introducing a reflector with a reproducible
reflection coefficient, such as a brass plate coupled to the surface, the
attenuation, which depends critically on the amount of SCC, may be measured.
Since Rayleigh waves are not extremely sensitive to surface finish, it
appears that this technique of measuring surface attenuation is very
promising for routine detection of SCC damage.
c
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SECTION E
WORK IN NEXT QUARTER
(See Program Planning Chart)
I. MECHANICAL TESTS. Up-to-date. Completed except for the
routine measurement of physical properties of pure alloys as required.
In addition, we are doing electron microscopy on pure alloys strained
in the microscope.
II. ELECTRON MICROSCOPY. Up-to-date.
III. CORROSION TESTS. All the polarization curve and weight loss
studies are up-to-date. The Cl penetration experiments have not been
started, as we have felt it more appropriate to complete the other studies.
IV. STRESS CORROSION TESTS. Up-to-date.
V. NON-DESTRUCTIVE TESTING.
previous quarter.
Up-to-date, as amended during the
The following experiments are planned in the next quarter:
(a) Metallurgical characterization (including mechanical tests and
electron microscopy) is aimed specifically at examining the mechanisms of
deformation of Al-Cu and AI-Zn-Mg alloys. Emphasis will be on the effect
of aging time and on the correlation with features on the fracture surfaces.
Studies will be done using electron and light microscopy.
(b) Corrosion. Studies similar to those on the pure Al-4 Cu will
be made on the pure Al-Zn-Mg alloy. Studies on Al-Cu will be concluded
and the data quantitatively analyzed to clarify the nature of the dissolution
process.
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(c) Stress Corrosion. With 7075, we will overage the -T6
temper towards the -T73 temper and determine the relative roles of
the corrosion presensitization and true stress corrosion phenomena
in the known variation in stress corrosion susceptibility. Metallographic
examination of the fractured samples will be made to establish the relation
of pit depth to fracture stress. The solution anion will also be varied.
In addition, we will examine the extent to which precorroded pits are
sharpened by application of stress.
With 2219, we will examine the effect of anion, of pit length vs.
fracture stress and the sharpening of pits by stress. The major
mechanistic emphasis in this system will be on the pure Al-4 Cu alloy.
Here, we will grow larger grained samples and try to establish definitely
that propagating cracks stop at the intersection of grain boundaries.
Larger grained samples of A1-7. 5 Zn -2.4 Mg will also be grown, but it
is not expected that there will be time to do stress corrosion experiments
with them during this quarter.
(d) Non-Destructive Testing. Work will be done on refining the
detection of SCC in 7075. Emphasis will be put on dArectionality of
detection of SCC and detection of SCC produced at various stress levels.
Similar- studies will be done on 2219-T37. This is particularly important
since we now see that there is a large difference in the mode of cracking
of these materials. Work on reproducibly coupling a "reflector" on the
surfaces of actual samples to be stress corroded will be begun.
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TOTAL MAN, HOURS EXPENDED
September 1 - November 30, 1967	 2,683
s
PROGRAM PLANNING CHART
PROJECT
	 lot Quarter
	 2nd Quarter	 3rd Quarter	 4th Quarter
Mechanical Tests
	 Measurements of the activation volumes on
7075-T73 and 2219-T4
Measure mechanical properties of pure Al-4 Cu
.(3) 1	 1 and Al-4.5 Zn-1.5 Mg
Electron-Microscopy Corrosion of thin, aged foils of Al-4 Cu to
examine mode of attack. In situ straining
of thin aged foils of Al-4 Cu
Age-hardening of Al-4.5 Zn-1.5 Mg
	 I
L(3)	 Fractography	 ^ 10
Corrosion Tests
	 Further studies of i - E curves for 2219, 7075, Al,
CuAl2. Studies of MgZn2 , M9 2A13. Also weight-
loss data
Cl -
 penetration measurements on the oxides on alloys, Al and
intermetallics
Oxide capacity and conductance measurements with the alloys and
I. (1)	 intermetallics
Stress Corrosion	 Further studies of SCC of 7075. Including the
Tests	 effects of pntential, mass transport, stress-
level, direction, pH, and temperature
Similar further studies of SCC on 2219
SCC studies with A 1- 4 Cu
L(2), L(3)
Non-Destructive 	 Studies with ultrasonic and eddy currents with
Testing	 samples of 7075 to differentiate between effects
of pure corrosion and stress corrosion cracking
damage. Effect of applied stress during the
measurement will be considered
Effect of type of surface and its finish
on Rayleigh waves and eddy currents
including 'rough machined" and "as
forged" with bare and painted surfaces
NIT of Al-2219 with
U-bend sample
11
SCC studies with Al-4.  5
Zn-1.5 Mg
Continue with the selected method.
Investigate different frequencies
and dif erent SCC conditions
H
a^
B	 Investigate different geometries
such as might occur with fabricated
a^
parts
Examine fabricated
NASA supplied by
The ordinate of Fig. D. 8 is the SCC damage determined ultrasonically
by method (a), discussed earlier in part II ­D, am is expressed as a change
of echo amplitude and of normalized echo amplitude. The abscissa of this
plot is expressed in coulombs/cm 2 and in exposure time; the current density
was constant (about 0. 52 ma/cm 2 ). 'This graph illustrates the effect of
SCC damage in both the loaded and unloaded states. In the unloaded state it
was not necessary to differentiate between just relaxed and well relaxed
conditions, because the ultrasonically measured difference was of the order
of one decibel which is the experimental error. No attenuation data could be
obtained for the point at 0. 8 coulomb/cm 2 because the very high attenuation
did not allow the echo from the second reference groove to be detected.
'The same graph also includes the results of the GGC tests for which
n
the current density was the same. IL is an expansion of the lower left hand
corner of Fig. D.4. To check the data, the probe was placed on the opposite
leg of some of the U-bend specimens so that the Rayleigh waves entered
the corroded area from the opposite side. All the data were consistent with
differences of the order of one decibel. Some of the data used for Fig. D. 8
are averages.
'The results for the three sets of data are all straight lines within
experimental error and indicate a linear increase of SCC damage with in-
creasing exposure, as evidenced ultrasonically. The ultrasonic sensitivity
is much greater for the loaded state (approximately by a factor of 5) and
thus can detect damage earlier. The line for the GGC data has a much
smaller slope. The ratios of slopes for loaded SCC, unloaded SCC, and
GGC are 23:4:1, respectively. All three lines have a nonzero intercept
and tend to converge to the same value of 0. 2 coulombs/ cm 2 . The distance
between 0 and 0.2 coulombs/ cm 2 , indicated in the graph by the dashed line, 	 {
can then be interpreted as an incubation period. This is verified by the
fact that the data obtained after 0. 185 coulombs/ cm  exposure showed no
attenuation. If 1.6 coulombs/ cm2 (as reported in part II -C) is used as
the value for the SCC life at this current density (0. 52 ma/ cm 2), then
from the data of Fig. D. 8, SCC damage can be detected at 18% of the SCC
life for both the loaded and unloaded states. Extrapolating from the same
F
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figure the threshold level for SCC damage as detected ultrasonically
(incubation period) seems to be about 137 of the SCC life.
As a further check on the results the data were also analyzed by
methods (b), (see part II-D) and method (c). The latter is the sum of all
relative echo heights in the corroded area. The results are shown in
Fig. D. 9, along with data from GGC tests. The data from the SCC tests
were approximated by straight lines and indicate again a linear increase
of SCC damage with increasing exposure. It also appears that method
(c)—,analysis for the SCC loaded state—has a higher sensitivity than method
(b)--,analysis for the same state. The phantom line on the graph (Fig. D. 9)
is for the SCC loaded state as analyzed by method (a), and it is slightly
higher than the method (c) analysis for the loaded state. The line for the
GGC data, method (b), has a much smaller slope but is exactly the same
as that determined by method (a) shown in Fig. D. 3. Again all three lines
have a nonzero intercept and tend to converge to the same value of 0.2
coulombs/cm 2 , as in Fig. D. 3, indicating an indubation period given by
a dashed line.
F. SCC Tests at 6097 of the Yield Strength
The SCC investigations described in the previous parts were per-
formed at a stress level of 90,070 of the yield strength. However, at this
high stress level any stress variation will drastically affect the time-to-
failure. In an attempt to reduce this variability, tests were carried out
with a stress level of 607, of the yield strength. The detailed data of the
tests are given in Table I (page 103), and the quantitatively analyzed
results are shown in Fig. D. 10.
The oscillograms for the 607 yield strength tests wers, similar
to those of the 907 yield strength tests. They are shown in Figs. D. 11
and D. 12. The three oscillograms of Fig. D. 11 (U-bend specimen
no. 10B) correspond -o (a) reference state, (b) loaded state after an ex-
posure of 0. 46 coulombs/cm. 2 , and (c) unloaded state. The effect of this
short exposure is readily seen in Fig. D. 11 (b) where a number of echoes
are present from the corroded area and the echo from the second reference
c
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(a)	 (b)
(c)
Fig. D. 11 Oscillograms illustrating the effec^ of SCC at 607 of
the yield strength and 0.52 ma/cm .
(a) Reference oscillogram.
(b) After 0. 463 coulombs/cm 2 had passed in the
loaded state.
(c) After 0. 463 coulombs/cm 2 had passed in the
unloaded state.
t
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9(a)
	
(b)
(c)
Fig. D. 12	 Oscillograms illustrating the effec^ of SCC at 6070 of
the yield strength and 0. 52 ma/cm
(a) Reference oscillogram.
(b) After 1. 86 coulombs/cm 2 had passed in the
loaded state.
(c) After 1.86 coulombs/cm 2 had passed in the
unloaded state. - 
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